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Preface

The fifth edition of the International Conference on Pure and Applied Chemistry
(ICPAC 2018) was held from 2 to 6 July 2018 at Hotel Sofitel Mauritius L’Impérial
Resort & Spa, Wolmar, Flic en Flac, Mauritius. The theme of the conference was
“Chemistry for a Clean and Healthy Planet”. ICPAC 2018 was attended by 160
participants coming from30 countries. The conference featured 105 oral and 37 poster
presentations. The keynote lecture was delivered by Ms. Veronika Stromsikova,
Director, Office of Strategy and Policy, Organisation for the Prohibition of Chemical
Weapons (OPCW). OPCW was the 2013 Nobel Peace Prize winner.

The participants of ICPAC 2018 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 31 chapters covering a wide range of topics from nano-
technology, natural product chemistry to analytical and environmental chemistry
and applied chemistry. There are also two reviews among the chapters.

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 2018.
We hope that this collection of papers will serve as a useful resource for

researchers.

Moka, Mauritius Ponnadurai Ramasami
May 2019 Minu Gupta Bhowon

Sabina Jhaumeer Laulloo
Henri Li Kam Wah
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Chapter 1
Controlled Microstructure
of Ag/AgBr-AC Synergistic Enhancement
on Photocatalytic Degradation
of Tetracycline: A Synthesis Approach
Comparison

Saheed Sanni, Elvera Viljoen and Augustine E. Ofomaja

Abstract The controlled microstructure of plasmonic Ag/AgBr has enormously
influenced their potential application in environmental remediation. On this basis,
Ag/AgBr-AC (activated carbon) nanocompositeswere synthesized by thermal polyol
and template assisted routes, and then their photocatalytic activities on the degra-
dation of tetracycline under visible light were further investigated. The synthesized
nanocomposites microstructure, structural, optical and electrochemical properties
were determined using analytical techniques. From the analysis results, the Ag/AgBr
nanoparticles were distributed evenly on the AC surface without agglomeration with
an average particle size between 160 and 190 nm and possess {111} exposed facets of
AgBr NPs. Due to the exceptional uniform nanospheres shape, smaller particle size,
speedier interfacial separation of photogenerated charge carriers, the Ag/AgBr-AC
nanocomposite from thermal polyol route displays superior catalytic performance
on tetracycline as compared to the nanocomposite from template assisted route and
Ag/AgBr alone. AC synergistic interaction with Ag/AgBr NPs in this study signif-
icantly enhances charge transfer, the creation of active sites for the generation of
reactive species and boosts the stability of plasmon K1 in the photocatalytic process.
A plausible photocatalytic mechanism on enhanced degradation of tetracycline is
proposed.

Keywords Microstructure · Ag/AgBr-AC · Thermal polyol · Template assisted
route · Tetracycline · Visible light
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1.1 Introduction

The prevalence of antibiotics in the surface and municipal water poses huge risks to
our environment and human health at large. Trace level and long accumulation of
these antibiotics in the environment have adverse effects towards both aquatic and
terrestrial organisms [1]. Tetracycline is a commonly used antibiotic that has been
detected in the ecosystem [2]. The complete removal of this antibiotic using con-
ventional techniques still have their pitfalls, hence the need for effective treatment
method that can be applied on a large scale is required [2]. Semiconductor photo-
catalysis under advanced oxidation processes (AOPs) has shown promising attributes
for tetracycline removal [3]. However, the development of efficient and sustainable
visible light driven photocatalysts that can fully explore the potential of the solar
spectrum is considered as one of the promising strategies toward solving the future
energy shortages. Huge attention is channeled towards the design of Ag-based pho-
tocatalysts (Ag/AgX, X = Cl, Br, I), which respond intensively to the visible light
due to surface plasmon resonance (SPR) of Ag nanoparticles (NPs) anchored on the
large band gap of the photocatalysts [4, 5].

Ag/AgBr is an important photocatalyst with exceptional attributes as compared
to Ag/AgX (X = Cl, I) [6, 7], with less emphasis on the synthetic approach for
well-defined Ag/AgBr nanostructures. The synthetic approach plays a huge role
in the development of this highly efficient photocatalyst. However, the rapid reac-
tion in the formation of AgBr nanospecies from conventional post-treatment route
(photoinduced reduction) is still challenging for effective distribution and growth
of the metallic silver nanoparticles (Ag NPs) [5]. The well tailor surface plasmon
resonance properties (SPR) of Ag NPs are dependent on controlled microstructure
(shape, size, and composition) of Ag/AgX nanocomposite. The controlled synthesis
of Ag/AgBr nanospecies with different sizes and defined morphologies have been
achieved through a host of approaches [7–9]. However, the SPR attributes of pro-
duced Ag NPs anchored on AgBr NPs from these preceding works [7–10] have
limited significance on separation of charge carriers and as such high recombina-
tion rate of electron and holes is still evident. Therefore, there is need to disperse
Ag/AgBr NPs on the clean surface material, which can participate in the controlled
microstructure of Ag/AgBr NPs. This material should also boost the separation effi-
ciency of charge carrier and behaves as a transport medium, and boosts their overall
stability in the catalytic process.

The application of carbonaceous materials with abundant oxygenated functional
groups as a template, promoter, and support in the dispersion of Ag/AgBr nanopar-
ticles [6, 11–13], has shown exceptional attributes to overcome the challenges of
previous works [7–9]. In view of the outstanding properties of these carbonaceous
materials, thiswork focuses on the utilization of activated carbon as template and sup-
port in the controlled microstructure of Ag/AgBr nanoparticles. The Ag/AgBr-AC
nanocomposites were prepared through two different approaches (thermal polyol and
template-assisted method) for photocatalytic degradation of tetracycline antibiotics
under visible light irradiation. Ag/AgBr-AC nanocomposite from thermal polyol



1 Controlled Microstructure of Ag/AgBr-AC Synergistic … 3

route displays higher photocatalytic activity on tetracycline than the nanocomposite
from template assisted route and Ag/AgBr alone under visible light irradiation. The
synergy of a well-controlled microstructure of Ag/AgBr NPs and the AC support
acting as an acceptor of the photogenerated electrons from the Ag/AgBr, effectively
enhanced the catalytic properties of the nanocomposite synthesized from thermal
polyol route. A plausible reaction mechanism was proposed based on the scavenging
experiment.

1.2 Experimental Section

1.2.1 Materials

AgNO3 (99%) was purchased from Merck whereas hexadecyltrimethylammonium
bromide (HTAB, 99%), polyvinyl-pyrolidine PVP (K29-32), ethylene glycol (EG,
99%)were purchased fromAcros. Ethanol (98%), potassiumhydroxide (KOH, 99%),
hydrochloric acid, sodium hydroxide and tetracycline hydrochloride (99%) were
bought from Sigma Aldrich. All the reagents were used as received and water used
in all these experiments was purified with a Millipore system.

1.2.2 Activated Carbon Synthesis

The chemical activation of pine cone biomass (PCB, 5 g) was conducted by impreg-
nating pine cone in 25 mL solution of 2 M KOH at a ratio of 2.24:1 (g KOH/g PCB).
The prepared solution was impregnated for 24 h and the solution was later dried in
the oven at 80 °C for 12 h to eliminate remaining moisture present in the material.
A sample of KOH impregnated pine cone placed in a Duran bottle under nitrogen
atmosphere flow was pyrolyzed in the microwave reactor (model LG MH8042GM),
at a constant power of 400 W for 16 min. The pine cone activated carbon produced
was cooled to room temperature, washed with 0.1 M HCl and hot distilled water to
remove any impurities until the pH was between 6 and 7. Then the washed activated
carbon obtainedwas dried at 105 °C overnight and then stored in an airtight container.

1.2.3 Preparation of Ag/AgBr-AC Through Thermal Polyol
Route

The synthesis of Ag/AgBr-AC was carried out through a modified thermal polyol
route [13]. 18 mL of ethylene glycol was poured into a round-bottom flask which
was heated at 60 °C for 30 min. PVP (0.12 g) and 480mg of HTABwere added to the
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solution, then AC (0.06 g) was added to the stirred mixture. After proper mixing to
completely dissolve the PVP and HTAB, 3 mL ethylene glycol solution containing
silver nitrate was slowly added dropwise to the above mixture. The solution was
maintained at 60 °C for an additional 30 min and the mixture was then heated to
a temperature of 140 °C. After attainment of the desired temperature, the reaction
was further allowed to proceed for 14 min. The reaction vessel was taken out and
cooled down to room temperature in the air. The resulting solids were collected by
centrifugation (REMI bench top centrifuge-R-8D), washed thoroughly with ethanol
and dried in an oven for 12 h. The synthesized nanocomposite was coded as plasmon
K1 and Ag–AgBr was synthesized through the same route described above without
the addition of AC.

1.2.4 Preparation of Ag/AgBr-AC Through Template
Assisted Route

The Ag/AgBr coupled AC nanocomposite was synthesized through a modified
template-assistedmethodwith respect to the literature [14]. Typically, 12mLethylene
glycol solution (EG) was heated in a round-bottom flask for 30 min at a temperature
of 65 °C. HTAB (0.26 g) and AC (0.09 g) were sequentially added to the EG stirred
solution. After homogenization, 0.2 g of silver nitrate mixed with 1 M ammonium
hydroxide solution (2.50 mL) was added dropwise to the stirred solution and further
allowed to stir for 6 h under ambient light for formation of Ag0 NPs on nucleated
AgBr. The precipitated solution was allowed to cool down, separated by centrifuga-
tion (6000 rpm, 10min), further washedwith ethanol and deionizedwater repeatedly,
then dried in an vacuum oven at 60 °C overnight. The synthesized nanocomposite
was stored in an airtight container in the dark and denoted as plasmon K2.

1.2.5 Characterization of the Synthesized Materials

The morphology and composition properties of the nanocomposite materials were
determined using scanning electron microscopy (SEM, Zeiss Leo 1430 VP) and
energy dispersive X-ray spectrometer (EDS, INCA). Shimadzu X-ray 700 (XRD)
with Cu Kα radiation was used to determine the crystal structure and phase data
for the photocatalysts in the 2θ range of 20–80° at 40 kV and 40 mA. The crystal-
lite size of the nanocomposites was estimated from the Scherrer equation by using
the most intense reflection peak [15]. The functional groups on the prepared samples
were investigated byFourier transform infrared spectrometer (PerkinElmer spectrum
400) within the range of 600–4000 cm−1. The UV–visible spectra of the nanocom-
posites was recorded using Ocean Optics high-resolution spectrometer (Maya 2000)
equipped with an integrating sphere accessory, using BaSO4 as a reference. Elec-
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trochemical impedance spectroscopy (EIS) was carried out in a three-way electrode
system using a Biologic SP 240 potentiostat workstation. The working, reference
and counter electrode were glassy carbon electrode, Ag/AgCl (in saturated KCl)
and platinum wire respectively. The EIS experiments were carried out between fre-
quency ranges of 100 kHz to 40MHzwith a perturbation amplitude of 5mV in 5mM
ferrocyanide containing 0.1 M KCl solution.

1.2.6 Photocatalytic Activity Evaluation

The photocatalytic activity of the prepared samples was evaluated on the degrada-
tion of tetracycline (TC) in aqueous solution under the irradiation of 36 W white
visible LED light strips. The initial TC concentration was 15 mg/L with a catalyst
loading of 0.3 g/L in 150 mL of TC solution. Prior to irradiation, the mixed solu-
tion was ultra- sonicated, then stirred in the reactor for 1 h in the dark to reach the
adsorption/desorption equilibrium of TC on the photocatalyst surface. The adsorbed
solution was further subjected to degradation by switching on the LED light under
stirring for 3 h, while 3 mL of the sample solution was withdrawn at given time
intervals (30 min) and centrifuged to remove suspended particles. The concentration
of TC left was determined by measuring the absorbance of the solution in a UV–vis-
ible spectrophotometer at 356 nm. The percentage degradation of tetracycline was
calculated using the Eq. 1.1 below:

%R = 1− Ct

Co
× 100% (1.1)

where Co is denoted as the initial concentration of TC solution that reached
adsorption-desorption equilibrium and Ct denoted as the concentration at reaction
time t.

1.3 Characterization

1.3.1 Morphology, Size and Composition Analysis

The SEM micrographs of plasmon K1 and K2 are shown in Fig. 1.1a, b, where the
formation of nanospheres morphology is well-defined in Fig. 1.1a for plasmon K1
with an average diameter of 162 nm. However, the morphologies of plasmon K2 are
irregular spheres with an average particle size of 180 nm (Fig. 1.1b). The reduced
particle size and uniform morphologies for plasmon K1 as compared to plasmon
K2 are ascribed to moderate synthesis temperature and PVP influence, as these two
parameters hamper irregular growth of Ag/AgBr nanoparticles that yield formation
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(a) (b)

(c) (d)

Fig. 1.1 SEM images and EDX spectrum of plasmon K1 (a, c) and plasmon K2 (b, d)

of uniform nanostructures. The moderate synthesis temperature from previous work
has resulted in the formation of isotropically shaped Ag/AgBr nanoparticles [13, 16],
whilst PVP acts as a capping agent [8] in particle size reduction and formation of
well-defined shaped nanoparticles. Plasmon K1 with small particle size and uniform
nanospheres morphology will have speedier charge transfer, facilitating adsorption
of the pollutant on the surface of catalyst and creation of active sites in the catalytic
system for enhanced degradation of tetracycline pollutant in this study.

The elemental components of the plasmon nanocomposites (K1 and K2) were
investigated by energy dispersive X-ray spectroscopy (EDX) analysis. As depicted
in Fig. 1.1c, d, Ag, Br and presence of C element from activated carbon are identified
in the Ag/AgBr-AC nanocomposites. The elemental analysis also reveals no other
elements in the prepared Ag/AgBr-AC photocatalyst, which confirms the high purity
of the prepared products, while the atomic ratio betweenAg andBrwasmore than 1:1
for the nanocomposite materials based on the semi-quantitative analysis (Table 1.1).
This further confirms the formation of metallic Ag NPs anchored on AgBr in the
nanocomposite. However, the plasmon K2 possesses more content of Ag NPs ratio
and higher percentage reduction of Ag NPs as compared to plasmon K1. A few
amounts ofmetallic Ag are formed fromAgBrNPs under ambient light with plasmon
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Table 1.1 Elemental composition ofAg/AgBr-ACnanocomposites synthesized frombothmethods

Sample Atomic ratio
(C)

Atomic ratio
(Br)

Atomic ratio
(Ag)

aAtomic ratio
(Ag:AgBr)

bReduction
% of Ag

Plasmon K1 20.50 28.73 50.77 0.77:1 43.41

Plasmon K2 72.44 7.13 20.43 1.86:1 65.10

a = A−B
B ; b = A−B

A (A is atomic ratio of Ag and B is atomic ratio of Br) [17]

K1, while more Ag NPs from reduction of rich AgBr NPs are formed with plasmon
K2. This is ascribed to ammonium hydroxide ionizing the carboxylic functional
groups on AC surface leading to the formation of more carboxylate anions. The
formed carboxylate anions act as additional capping sites for AgBr NPs dispersion
and growth through electrostatic interactions between the carboxylate anions and
silver cations [14].

1.3.2 Crystal Phase and Structures by X-Ray Diffraction

The crystal structures and the existence of metallic Ag in the nanocomposites were
established with XRD investigation. As shown in Fig. 1.2, the XRD pattern of the
Ag/AgBr-AC nanocomposites indicated distinct diffraction peaks that are ascribed to
face centered cubic phase of AgBr (JPCDS 079-0148) and metallic Ag NPs (JCPDS
071-3762) [18]. These peaks at the 2θ include 26.6° (111), 31.1° (200), 44.3° (220),
54.8° (222), 64.8° (400), 73.4° (420) for AgBr and 38.0° (111), 44.2° (200), 64.4°
(220) and 77.8° (311) all belong to Ag NPs [19]. The XRD results show that the
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formed nanocomposites are composed of abundant Ag NPs based on the distinct
peaks of Ag and AgBr nanoparticles. The intensity ratio of I(200)/I(220) of AgBr peaks
for plasmon K1 and K2 are about 1.06 and 0.68, which are higher than that of
Ag/AgBr NPs at 0.42. This observation confirms that synthesized Ag/AgBr mate-
rials growth directions are <100> direction with high exposed facet of {111} AgBr
NPs [20]. This {111} facets of AgBr from previous work describe the facets as pos-
sessing higher surface energy than facets of {100} and {110}with enhanced catalytic
activities [21]. As a result, the plasmon K1 with a high ratio of the {111} facet AgBr
NPs will exhibit higher catalytic activity as compared to plasmon K2 and Ag/AgBr
with lower ratios.

1.3.3 Fourier-Transform Infrared (FTIR) Analysis

The FTIR analysis confirms the synergistic interaction between AC and Ag/AgBr
NPs. The AC [22] displays a broad peak at 3333 cm−1 which corresponds to O–H
stretching, while the carbonyl stretching peak is at 1706 cm−1 [23] and the peak at
1567 cm−1 is ascribed to the carboxylic (–COO) stretching vibration (Fig. 1.3). The
characteristic peaks of C–OH and C–O–C are found at 1367 and 1227 cm−1 respec-
tively. The carbonyl-stretching band shifted to high wavenumber in the Ag/AgBr-AC
nanocomposites (Fig. 1.3), which confirms the formation of the nanocomposite as
observed with other reports [24, 25] using carbonaceous material in hybridization of
plasmonic materials.

Fig. 1.3 FTIR spectrum of
AC, plasmon K1 and K2
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1.3.4 Optical Properties of Ag/AgBr-AC

The as-prepared nanocomposites (plasmon K1 and K2) display strong absorptions
both in the UV and visible regions as shown in Fig. 1.4. This further confirms the
presence of metallic Ag NPs in both nanocomposites, which generates surface plas-
mon resonance (SPR) absorption in the visible region [26]. As the tailored SPR
properties of Ag NPs anchored on AgBr are influenced by controlled microstructure
(size, morphology, and composition) [7], plasmon K1 nanocomposite exhibits more
intense absorption in the visible region as compared with plasmon K2, which can be
ascribed to oriented SPR properties of Ag NPs. The as-prepared plasmon K1 on the
basis of controlled microstructures will possess higher photocatalytic activity than
plasmon K2 in the whole solar spectrum region.

1.3.5 Electrochemical Properties

The electrochemical impedance spectra (EIS) Nyquist plots and equivalent circuit
utilized in fitting the curve are shown in Fig. 1.5, where Rs denotes the series resis-
tance of electrolyte, Rd is the diffusion resistance, Rct is the charge transfer resistance,
while CPE, Cf, and Ws are the constant phase element, chemical capacitance and
Warburg resistance between the photoanode and electrolyte respectively. The plas-
monK1 displays a smaller arc radius as compared to plasmonK2 andAg/AgBr in the
EIS Nyquist plots (Fig. 1.5), which signify a reduced charge transfer resistance with
enhanced interfacial separation of charge carriers. The charge transfer resistance (Rct)
calculated from the equivalent circuitmodel values for plasmonK1,K2 andAg/AgBr
are given in Table 1.2. Plasmon K1 has least Rct values with the highest efficiency for

Fig. 1.4 UV–Vis diffusive
reflection spectra of plasmon
K1 and plasmon K2
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Fig. 1.5 EIS Nyquist plots
of plasmon K1, plasmon K2
and Ag/AgBr with an
equivalent circuit diagram
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Table 1.2 The charge
resistance values of different
Ag/AgBr samples in
accordance with a series
circuit

Sample Rs ( ÄW) Rd ( ÄW) Rct ( ÄW)

Plasmon K1 126 7602 1266

Plasmon K2 140 21,061 3885

Ag/AgBr 173 257,075 4163

electron-hole separation for enhancing the generation of reactive active species for
tetracycline (TC) degradation. This is ascribed to the well-controlled microstructure
of Ag/AgBr nanoparticles with exposed active sites and also the synergetic coupling
of Ag and AgBr with activated carbon. The carbon support behaves as a transport
medium in the separation of charge carriers from the Ag/AgBr nanoparticles.

1.3.6 Photocatalytic Degradation of Tetracycline

The photocatalytic activities of the as-prepared samples were assessed by degrada-
tion of tetracycline (TC) under visible light irradiation. As shown in Fig. 1.6a, after
180 min of degradation of TC, only 24.66% removal was achieved in the absence
of the photocatalyst, indicating that TC molecule is highly stable under visible light
irradiation. However, with other photocatalysts prepared in this work, the decrease
in concentration of TC as a function of time is evident in Fig. 1.6a. The Ag/AgBr
showed visible light activity on the degradation of TC (59.82%), while the dispersion
of Ag/AgBr on AC using above described synthetic route improves the degradation
rate significantly. PlasmonK1 induces more degradation rate (92.08%) than plasmon
K2 (81.12%) due to the tailored SPR properties of AgNPs and also restrained recom-
bination of photogenerated charge carriers by the activated carbon in transferring the
photogenerated charge (e−) away which enhances the charge separation efficiency.
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Fig. 1.6 a Photocatalytic
activity of as-prepared
nanocomposites on TC
degradation under visible
light and b decrease in
maximum absorption peak of
TC at different irradiation
times using plasmon K1 as a
photocatalyst
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Overall, plasmon K1 photocatalytic performance was higher than that of plasmon
K2, Ag/AgBr and photolysis in the degradation of TC.

Figure 1.6b shows the UV–Vis absorption plot of TC degradation in the presence
of plasmon K1 under visible light irradiation. The characteristic maximum absorp-
tion peak of TC (376 nm) decreases rapidly as the degradation time increases. The
catalytic degradation rates of TC over the as-prepared photocatalyst and photoly-
sis all obey the pseudo-first-order kinetics [27] (Fig. 1.7a). The equation model is
ln(C/Co) = −kt, where Co is the initial concentration of TC, C is the concentration
at the irradiation time t, and the slope (k) is the apparent first-order rate constant
(min−1). The k values for dispersion of Ag/AgBr on AC nanocomposites are higher
than Ag/AgBr and photolysis (Fig. 1.7b). The k value for plasmon K1 is 2, 3 and 9
times faster than plasmon K2, Ag/AgBr and photolysis respectively in this work.
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Fig. 1.7 a Pseudo-first-order
reaction kinetics and
b corresponding apparent
rate constants of as-prepared
nanocomposites for TC
degradation
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1.3.7 Photocatalytic Mechanism

For further confirmation of active reactive species responsible for enhanced pho-
todegradation of TC over plasmon K1 and plasmon K2 under visible light irradia-
tion, a host of different scavenger solutions (1 mmol) such as benzoquinone (BQ),
isopropanol (IPA) and ethylenediaminetetraacetic acid disodium (EDTA-Na2) were
added to TC solution to quench ·O2

−, ·OH, and h+ in the degradation process. The
degradation rate of TC decreases significantly to 9–14% and 32–40% in the pres-
ence of BQ and EDTA-Na2 respectively (Fig. 1.8a), which indicates ·O2

− and h+

greater influence in the removal of TC. However, the degradation rate of TC was
not affected by the addition of IPA, indicating that ·OH is not the major reactive
radical and combination of all the scavengers highlights their participation in TC
degradation. Overall, the ·O2

− is majorly responsible for enhanced TC degradation,
as its significant role is further explored in this study.
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Fig. 1.8 a Photocatalytic
degradation of TC solution
over plasmon K1 and K2
with different scavengers and
b quantification of ·O2

−
reactive species using NBT
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To confirm the rate of formation of ·O2
− in this study, degradation of nitroblue

tetrazolium (NBT) to diformazan [28] under visible light irradiation was carried out.
The generation rate of ·O2

− is measured by the decrease in absorbance peak of NBT
(259 nm) with degradation time. A higher amount of reactive ·O2

− is produced with
plasmon K1 (Fig. 1.9b) with faster decline in absorbance peak, which is in tune
with its enhanced degradation rate on TC as compared to plasmon K2, Ag/AgBr and
photolysis.

Furthermore, the stability of plasmon K1 was evaluated. The nanocomposite still
keeps its original catalytic performance after 5 cycle runs onTCdegradation as shown
inFig. 1.9a under visible light irradiation.Ourfindings reveal that the plasmonK1will
have an extraordinary photocatalytic performance for a host of organic compounds
elimination with good stability under visible light irradiation.

Figure 1.9b illustrates the plausible reaction mechanism of plasmon K1 on the
degradation of TC under visible light irradiation. The TC solution was adsorbed on
the surface of the AC through electrostatic adsorption [29]. The AC and the smaller
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Fig. 1.9 The degradation rate of TC solution by plasmon K1 photocatalyst a five recycling runs
and b plausible photocatalytic reaction mechanism

particle size of the overall nanocomposite increase the active sites between TC and
photocatalyst, with the generation of reactive species for enhanced degradation of
TC. Under visible light irradiation, both Ag and AgBr can generate photogenerated
electron-hole pairs, while the controlled SPR attributes of Ag NPs result in efficient
interfacial separation of photogenerated charge carriers [5]. There is first the transport
of separated electrons from photoexcited Ag NPs into the conduction band (CB) of
AgBr through the Schottky barrier. Then the AC further transfers the electron away
from the CB of AgBr, which reacts with adsorbed oxygen to generate the reactive
superoxide species, which is a strong oxidant species that degrades the adsorbed TC
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effectively [30, 31]. The holes left behind on the surface ofAg and in the valence band
(VB) of AgBr [32] react with H2O to form ·OH; this formed reactive species will also
degrade TC effectively under visible light irradiation. The positively charged holes
also oxidize Br− to Br0, a reactive species that can also oxidize TC and is reduced
back to Br ions again [7].

From the analysis and discussion described above, the tailored SPR properties of
Ag NPs from the controlled microstructure of Ag/AgBr-AC nanocomposite, speed-
ier interfacial separation of photogenerated charge carriers and large generation of
reactive superoxide species in plasmon K1 from thermal polyol route all resulted in
higher photocatalytic activity on TC removal in this study.

1.4 Conclusion

In summary, the microstructure of Ag/AgBr-AC nanocomposites (plasmon K1
and K2) were effectively controlled in this study through two different synthetic
approaches (thermal polyol and template-assisted method), then subsequently uti-
lized in the degradation of tetracycline under visible light irradiation. Both plasmon
K1 and K2 have spherical shape with the distribution of Ag/AgBr nanoparticles with
an average particle size between 160 and 190 nm on the surface of activated carbon
as support. However, based on uniform nanospheres morphology, smaller particle
size, a more exposed facet of AgBr and restrained recombination of charge carriers
in the generation of reactive species, plasmon K1 displays exceptional enhanced
photocatalytic degradation of tetracycline as compared to plasmon K2 and Ag/AgBr
under visible light. The activated carbon presence in the nanocomposite significantly
boosted the transport and separation efficiency of charge carrier, and the overall sta-
bility in the catalytic process after several repetitive cycles.
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Chapter 2
Emerging Phytochemicals and Bioactive
Compounds from a Desert Plant Prosopis
cineraria (L.) Druce and Future Prospects

Mohammad W. Islam, Samir H. Bloukh, Zehra Edis and Richie R. Bhandare

Abstract Prosopis cineraria (L.) Druce (Family Leguminosae, subfamily
Mimosoideae) has a number of uses in ethnomedicine. P. cineraria has social, eth-
nological, traditional and remedial effects on the lives of people. P. cineraria is an
important herbal plant as mentioned in the ancient literature. It is used tradition-
ally for treatment of various ailments like leprosy, dysentery, asthma, leukoderma,
dyspepsia and earache. The objective is to review the phytochemicals and the bio
potential of the plant. This paper includes an overview on the studies of different
herbal extracts, metabolites and major classes of metabolites which are pharmaco-
logically active, like alkaloids and flavonoids, which have anti-tumor, antioxidant,
anti-diabetic, anti-nociceptive, estrogenic and antimicrobial activity. A comprehen-
sive literature survey was performed on the phytochemicals present in the different
parts of the plant P. cineraria and their pharmacological properties with chemical
structures. This review was prepared with thorough advanced search by using key
words P. cineraria (L.) Druce in Google, Google Scholar, PubMed, SciFinder, Sco-
pus and ProQuest as well as from English language scientific journals, magazines
and books. The phytochemicals discussed in the present review could be promising
candidates to be utilized as bioactive compounds for direct use as drug or herbal
extracts as botanical drugs.
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2.1 Introduction

The plant P. cineraria (L.) Druce (Family Leguminosae, subfamily Mimosoideae)
occurs in most of the world’s hot arid and semi-arid regions as native or introduced
species [1]. This promising multipurpose tree holds an important place in the rural
economy [2]. The plants are found in the Thar desert of India and Pakistan, but
smaller populations are available in Iran, Afghanistan and the Arabian Peninsula [3,
4].

The invasion of Prosopis sp. generates environmental, social and economic ben-
efits worldwide [5–7]. Prosopis plays an important role in the rural economy in the
northwest region of the Indian subcontinent [2] and has substantial impacts on bio-
diversity, ecosystem, and local and regional economies. It is used as fuel, fodder,
windbreaks, shade, construction materials, and soil stabilization in Africa and Asia
[1]. P. cineraria is an important native species to the northeastern United Arab Emi-
rates (UAE), locally known as Ghaf tree. Prosopis sp. has been reported to be a plant
with remarkable properties [8]. It is found on inland sand plains and low dunes of
Abu Dhabi Emirate, and appears occasionally in Wadi beds of the Hajar mountain
range [9]. P. cineraria are among the few trees growing in the arid deserts of the
UAE and constitute a major ecological feature in the Northern Emirates of the UAE
[10]. P. cineraria has been reported to be beneficial for the growth and development
of other species [11]. High temperatures, high humidity and low rainfall, typical of
this ecoregion, characterize the climate of the UAE [12]. Bedouin lifestyle has been
very much associated with the Prosopis tree and its products [13]. As the country
rapidly modernized due to a change in socioeconomic conditions, the dependency
of Bedouins on the plant became less. Therefore, the plant has been badly neglected
for scientific studies. Almost no scientific work has been carried out on the plants
especially from the medicinal and nutritional potential point of view except in agro-
forestry related studies [14]. The Prosopis sp. has been given a status as one of the
national symbols of UAE [15] and got an immense importance in preserving the
country’s heritage [16].

Literature research showed that almost all the work related to the exploration of
medicinal properties of the plant has been carried out in Indian andAfghanistan desert
conditions [17–22]. No scientific work has been carried out on the Prosopis sp. under
Emirate environmental conditions. The plant is yet to be explored for its chemical
and pharmaceutical properties [23]. In our laboratory, the chemical, pharmacological
and safety studies aiming to explore the therapeutic potential of the plant are under
way.

The objective of this article is to provide the emerging phytochemicals and
metabolites from P. cineraria so that their biopotential could be assessed for possible
biopharmaceutical application.

The emerging phytochemicals are the result of the research advancement in the
purification and isolation of bioactive compounds fromplants, which have undergone
new developments in recent years [24–27]. The present review is a thorough compi-
lation of the research data as an overview of the phytochemicals of the plant species
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with their pharmacological properties. The reported data on chemical and pharma-
cological studies of P. cineraria could be useful as potential future applications in
drug development.

2.2 Methods

For the present review, a systematic web search analysis was conducted from
July 2018 until November 2018. The search included chemical, pharmacological
and nutritional studies of the plant P. cineraria. The databases Scopus, ProQuest,
PubMed, SciFinder, as well as Google and Google Scholar were searched by using
the keywords “P. cineraria (L.) Druce”, “Ghaf” and “Prosopis sp.”. Only results in
English language and scientific peer-reviewed journals, magazines and books were
included.

2.3 Species

The genus Prosopis as described by Burkart [28] consists of 44 species. They have
been introduced globally and have become naturalized or invasive in many places
[29]. These species of Prosopis are present in most of the world’s hot arid and semi-
arid regions [30]. They can withstand climatic extremes [28], are able to withstand
the hottest winds and the driest season, and yet remain alive when other plants would
succumb [31].

2.4 Taxonomical Classification

The taxonomic position has been described by Khatri et al. [2].

Kingdom Plantae—Plants

Subkingdom Tracheobionta—Vascular plants

Super division Spermatophyta—Seed plants

Division Magnoliophyta—Flowering plants

Class Magnoliopsida—Dicotyledons

Subclass Rosidae

Order Fabales

Species Prosopis cineraria (L.) Druce

Common name Ghaf
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2.5 Distribution

Prosopis has been reported to occur in 129 countries globally while many more
countries are climatically suitable [8]. P. cineraria is mainly distributed in the deserts
of India and Pakistan, Afghanistan, Iran and theArabian Peninsula [4]. In theArabian
Peninsula, P. cineraria exists mostly in the UAE and Oman [9], though it has also
been reported as an infrequent species in the eastern and southern margins of Saudi
Arabia [32].

2.6 Bioactivity of Extracts and Metabolites

Literature search revealed that most of the studies are carried out either on different
extracts of the plant for their pharmacological properties or on isolation and character-
ization ofmetabolites. The studies carried out on themetabolites for pharmacological
activity are comparatively less in number.

2.6.1 Studies on Extracts of P. cineraria

Various pharmacological studies (Table 2.1) have been reported on different plant
extracts including antitumor/cytotoxic activity [33–39], antioxidant activity [37,
40–44] and antimicrobial activity [37, 41, 45–49]. The studies have shown that
the cytotoxic, anti-tumor agents involve a free radical quenching mechanism (i.e.
OH, ROO). Many plant extracts and natural products, especially phenols, with
high antioxidant activity have shown cytotoxic effects in different cell lines [33,
34]. The other pharmacological properties include antidepressant activity [40, 50],
analgesic/antipyretic activity [40, 51–53], antihyperlipidemic and antihyperglycemic
activity [22, 44, 54–56], anticonvulsant activity [57], bronchodilator activity [58],
nootropic activity [59, 60], estrogenic activity [61], muscle relaxing activity [43, 50],
anthelmintic activity [62] and antivenom activity [63]. It was reported that the bioac-
tivity of P. cineraria extracts showed a good correlation with the usages of the plant
in indigenous systems as a folk medicine for various ailments [58]. The extracts are
the essential source for metabolites and have therapeutic benefit for treating diseases.
This knowledge opens up future perspectives in using active components for drug
development [64].



2 Emerging Phytochemicals and Bioactive Compounds from a Desert … 23

Table 2.1 Bioactivity of different extracts of the plant P. cineraria (L.)

Experimental model Extract Parts used Reported bioactivity References

Antitumor
studies/cytotoxic
activity

Hydrochloric
acid extract

Leaves Exhibited significant
cytotoxicity towards Ehrlich
ascites carcinoma tumor
model; assessed using survival
time, peritoneal cells,
haematolological studies, lipid
peroxidation and antioxidant
enzymes

[33]

Hydrochloric
acid extract

Leaves Exhibited significant
cytotoxicity. The extract was
evaluated against
N-nitrosodiethylamine induced
experimental liver tumors in
male Wistar rats

[34]

Alcoholic
extract

Leaves,
stem, root
and
flowers

Exhibited weak cytotoxicity
against laboratory cultured
brine shrimp larva

[35]

Alcoholic
extract

Leaves The lipid peroxide levels were
significantly increased and
mitochondrial antioxidant
levels decreased in 7,12-
dimethylbenzeneanthracene
induced breast cancer in
Sprague-Dawley rats

[36]

Silver and
copper
nanoparticles
(CuNPs;
AgNPs)

Leaves Assay results indicated that
CuNPs show potential
cytotoxic effect followed by
AgNPs against MCF-7 cancer
cell line

[37]

Methanolic
extract

Leaves Inhibited the proliferation of
MCF-7 breast cancer cells and
non-cancerous cell line HBL
100; produced apoptosis

[38]

Methanolic
extract

Leaves Showed hepatoprotective role
by modulating the levels of
membrane bound enzymes and
suppressing glycoprotein levels
against
N-nitrosodiethylamine-induced
phenobarbital promoted liver
tumors in male Wistar rats

[39]

(continued)
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Table 2.1 (continued)

Experimental model Extract Parts used Reported bioactivity References

Antioxidant activity Petroleum
ether,
benzene,
chloroform,
ethyl acetate,
methanol and
aqueous
extracts

Leaves All fractions of the plant
showed scavenging activity.
The ethyl acetate and
methanolic extracts showed
maximum scavenging activity
while petroleum ether has
minimum scavenging activity

[40]

Ethanolic
extract

Stem,
leaves and
bark

Exhibited antioxidant potential.
The percentages of antioxidant
activity are 82.19, 71.16 and
89.92% in stem, leaf and bark
extract respectively against the
standard, which was ascorbic
acid with antioxidant activity
of 96.00%, using the DPPH
method

[41]

Methanolic
extract

Leaves Exhibited improved antioxidant
status in the homogenate of
goat liver slices; protected
against oxidative damage

[42]

Methanolic
extract

Pods Exhibited high antioxidant
activity using in vitro method

[43]

50% Hydro-
alcoholic
extract

Stem bark Have shown antioxidant
efficacy of the extract

[44]

Antimicrobial
activity/antiviral
activity

Silver and
copper
nanoparticles

Leaves Showed antimicrobial activity
against Gram-positive and
Gram-negative bacteria. MTT
assay results indicated that
both nanoparticles showed
antimicrobial activity

[37]

Methanolic
and aqueous
extracts

Stem bark Exhibited moderate
antibacterial activity using agar
well diffusion method

[45]

Acetone
extract

Aerial
parts

Exhibited moderate
antibacterial activity against
three bacterial strains
Staphylococcus aureus,
Staphylococcus epidermidis
and Escherichia coli at the
concentration of 175 μg/ml
using agar disc diffusion assay

[46]

(continued)
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Table 2.1 (continued)

Experimental model Extract Parts used Reported bioactivity References

Methanolic
extract and
aqueous
extract

Stem bark Methanolic extract showed
significant antibacterial activity
at 250 μg/ml on various
pathogens, using agar disc
diffusion method

[47]

Ethyl acetate
and hydro-
alcoholic
extracts

Stem bark Exhibited dose dependent
activity against two Gram
positive (Staphylococcus
aureus, Staphylococcus
epidermidis), two
Gram-negative (Escherichia
coli, Klebsiella pneumoniae)
bacterial strains and two fungal
strains (Aspergillus niger,
Aspergillus fumigatus) using
agar disc diffusion method

[48]

Ethyl ether
and alcoholic
extract

Leaves Showed positive reactions
against micro-organisms
Staphylococcus aureus (Gram
positive), Escherichia coli
(Gram negative) and Candida
albicans

[49]

Various
extracts

Stem bark Moderate antibacterial activity
was observed in the extract
against Salmonella,
Staphylococcus, Bacillus,
Escherichia, Pseudomonas
species using agar well
diffusion method

[45]

Methanolic
extract

Leaves Showed significant
antimicrobial activity against
several multidrug resistant
bacterial and fungal strains

[72]

Different
extracts

Stem bark Exhibited antihelmintic activity
against Pheretima posthuma as
compared to the standard drug
piperazine citrate

[62]

Antidepressant Aqueous
extract

Leaves The leaf extract significantly
decreased the duration of
immobility time in Forced
swim test. The antidepressant
effect of leaf extract was
compared to that of standard
imipramine

[50]

Aqueous
extract

Leaves Significantly decreased the
duration of immobility time in
force swimming test

[62]

(continued)
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Table 2.1 (continued)

Experimental model Extract Parts used Reported bioactivity References

Analgesic/antipyretic
activity

Petroleum
ether; ethyl
acetate and
ethanol
extracts

Stem bark
and root

Showed a significant analgesic
activity in rats, using Eddy’s
hot plate model

[51]

Aqueous
extract

Root Significant analgesic activity in
albino mice as compared to
control, using acetic acid
induced writhing test model

[52]

Aqueous
extract

Root Exhibited a significant
antipyretic activity at same
dose using Brewer’s yeast
induced hyperpyrexia model

[52]

Petroleum
ether extract

– Exhibited significant
anti-pyretic activity, when
compared with other extracts
Brewer’s yeast induced
hyperpyrexia model

[53]

Aqueous
extract

Leaves Exhibited a significant
antipyretic activity using
Brewer’s yeast induced
hyperpyrexia model

[51]

Petroleum
ether/ethyl
acetate/ethanol
extracts

Stem bark Exhibited a significant
antipyretic activity using
Brewer’s yeast induced
hyperpyrexia model

[51]

Antihyperlipidemic/
antihyperglycemic
activity

Methanolic
extract

Leaves Produced antidiabetic and
antihyperlipidemic effect on
streptozotocin-induced diabetic
Wistar rats

[54]

70% Ethanol
extract

Stem bark Significantly reduced serum
total cholesterol, LDLC,
triglyceride, VLDL-C and also
ischemic indices in
hyper-lipidemic rabbits model

[55]

Aqueous
extract

Leaves Blood glucose levels were
significantly decreased;
significant increase in lipids
level except HDL observed

[22]

Hydrochloric
acid extract

Leaves Showed dose dependent effect
on the lipid profile; higher dose
shows significant action over
triglyceride, cholesterol, and
also increases the level of the
HDL

[22]

(continued)
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Table 2.1 (continued)

Experimental model Extract Parts used Reported bioactivity References

70% ethanol
extract

Fruit Showed anti-hyperlipidemia
and antioxidant activities

[56]

50% Hydro-
alcoholic
extract

Stem bark Fasting blood glucose level
decreased significantly,
comparable to that of standard
glibenclamide; reduction and
liver glycogen content was
significantly increased as
compared to control group in
hyperglycemic mice, orally
administered once in a day for
45 days

[44]

Anticonvulsant
activity

Methanolic
extract

Plant Showed significant
anticonvulsant activity using
maximal electroshock and
pentylenetetrazole induced
convulsions models

[57]

Bronchodilator
activity

Methanolic
extract

Stem bark Produced bronchodilatory
activity tested on
carbachol-induced contractions
in isolated rabbit tracheal
preparations

[58]

Nootropic activity Methanolic
extract

Stem bark Significantly improved both
spatial reference and working
memories in the spatial
working memory using Morris
water-maze test and spatial
working memory models

[59, 60]

Estrogenic activity Methanolic
extract

Pods Exhibited estrogenic activity
in vitro using vaginal
cornification assay, using an
ovariectomized rat model

[61]

Muscle relaxing
activity

Aqueous
extract

Leaves Exhibited muscle relaxing
activity using rota rod test

[43]

Aqueous
extract

Leaves Exhibited significant skeletal
muscle relaxant activity using
rota rod test. The extract
produced a significant decrease
in fall off time and its efficacy
was found to be comparable
with Diazepam

[50]

Anthelmintic activity Different
extracts

Stem bark Exhibited anthelmintic activity [57]

Antivenom activity Aqueous
extract

Bark Used for identifying various
protein toxins present in the
venom of Indian cobra

[63]
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2.6.2 Studies on Metabolites of P. cineraria

Various metabolites from P. cineraria have been mentioned in the literature
(Tables 2.2 and 2.3). Flavonoids reported from P. cineraria include quercetin,
rutin, luteolin, patuletin, patulitrin and prosogerin A, prosogerin B, prosogerin C,
prosogerin D and prosogerin E. Apigenin belongs to flavones isolated from aerial
part and exhibited antibacterial, antidermatitic and anti-inflammatory activity [65,
66]. Quercetin exhibited cytotoxicity [65, 67], patulitrin from flowers showed cyto-
toxicity against Lewis lung carcinoma in vivo and the luteolin inhibited skin cancer
[68]. The alkaloids found in the Prosopis extract showed broad-spectrum antibac-
terial activity against both Gram-positive and Gram-negative bacteria comparable
to penicillin, streptomycin, ampicillin, sulphamethoxazole and tetracyclin [19, 69].
Alkaloids exhibited anticonvulsant activity [70]; tannins from barks of P. cineraria
exhibited antibacterial and antiviral activity [66] and produce anthelmintic activity
[17]. Terpenoids from pods exhibited antioxidant activity [26]. Steroids reported
from P. cineraria are cholesterol, 7,24-tirucalladien-3-one, campesterol, stigmas-
terol, β-sitosterol, stigmasta-4,6-dien-3-one. Steroids like β-sitosterol, campesterol,
stigmasterol isolated from leaves caused reduction of cholesterol [44]. Tryptamine
frombark showed antibacterial and antiamoebic activity [65]. Hydroxycinnamic acid
and coumaric acid derivatives also exhibited antioxidant properties [71]. In the drug
discovery process, secondary metabolites play a major role and determine the fate
of the prospective drugs.

2.7 Nutrients

Various parts of the P. cineraria have nutritional phytoconstituents. It has been
reported that the dried pods of the plant are a good source against protein malnutri-
tion [74]. In another study, foliage and pods have been shown to be rich in protein,
carbohydrates, mineral matter and fiber content [75]. The dry pods also contained
good amount of iron, copper, manganese, and zinc contents [76]. Seeds contain fixed
oils, fatty acids such as gallic acid, palmitic acid, stearic acid, oleic acid and linoleic
acid [77, 78]. The seed alone contains 31–37% crude protein and 3.4–8.5% crude
fiber. The seed coat contains 60–69% crude protein [76]. Green leaves of P. cineraria
contain 14–18% crude protein, 13–22% crude fiber and about 6% ash, with a high
calorific value of 5000 kcal [76]. Calcium and phosphorus are important minerals
found in P. cineraria [79] and together with Zn contents showed antioxidant activity
in diabetes mellitus [75]. Amino acids isolated from leaves and pods are aspartic
acid, glutamic acid, serine, glycine, histidine, threonine, arginine, alanine, proline,
tyrosine, valine, methionine, cysteine, isoleucine, leucine, phenylalanine and lysine
[80].
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Table 2.2 Bioactivity of metabolites isolated from the plant P. cineraria (L.)

Bioactivity Metabolites Parts used Reported
bioactivity

References

Antitumor/cytotoxic
activity

Quercetin Leaves Exhibited
cytotoxicity activity
on human cancer
cell lines viz. HeLa
and MCF-7 using
MTT assay

[67]

Patulitrin Flowers Cytotoxic against
Lewis lungs
carcinoma in vivo

[73]

Quercetin Leaves Cytotoxic activity [65]

Luteolin Leaves Inhibited skin
cancer mechanisms
in vitro and in vivo

[68]

Antioxidant activity Terpenoids Pods Antioxidant activity [26]

Hydroxycinnamic
acid and coumaric
acid derivatives

Pods Antioxidant activity [71]

Antimicrobial/
antivi-
ral/antiamoebic
activity

Tannin Bark Antibacterial and
antiviral activity

[66, 65]

Tryptamine Bark Antibacterial and
anti-amoebic
activity

[65]

L-arabinose Aerial parts No activity reported [66]

Apigenin Aerial parts Antibacterial,
antidermatitic, and
anti-inflammatory
activity

[66, 65]

Antidepressant
activity

Saponins,
flavonoids,
alkaloids,
glycosides, tannins
and phenolics

Leaves Antidepressant,
anti-pyretic, and
analgesic activity

[11]

5-
Hydroxytryptamine

Aerial parts Antidepressant [66, 65]

Antihyperlipidemic/
antihyperglycemic
activity

Steroids like
β-sitosterol,
campesterol, and
stigmasterol

Leaves Caused reduction in
cholesterol level in
blood; exhibited
antioxidant,
hypoglycemic and
thyroid inhibiting
properties

[44]

(continued)
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Table 2.2 (continued)

Bioactivity Metabolites Parts used Reported
bioactivity

References

Anticonvulsant
activity

Alkaloids Leaves Anticonvulsant
activity in pentylene
tetrazole-induced
convulsion method

[70]

Anti-inflammatory Apigenin Aerial parts Antibacterial,
antidermatitic, and
anti-inflammatory
activity

[66, 65]

Hepatoprotective
activity

Isorhamnetin-3-
diglucoside

Aerial parts Hepatoprotective
activity

[66, 65]

2.8 Discussion

A considerable amount of work has been carried out on the genus Prosopis, mainly
on chemical investigations and biological activity evaluation. Prosopis sp. have var-
ied phytoconstituents, possess different kinds of biological activities and are used
medicinally since ancient times. However, for the present review the focus is on the
single species P. cineraria.

The studies of theP. cineraria using extracts (Table 2.1) showed strong antioxidant
capacity, and the extracts can be considered as a good source of natural antioxidants
and antimicrobials. Phenols are very important plant constituents because of their
scavenging ability on free radicals due to their hydroxyl groups. Therefore, the phe-
nolic content of plants may contribute directly to their antioxidant action [81]. It is
interesting to note that measured bioactivities of P. cineraria reported are in agree-
ment with the traditional usage for the treatment of various ailments [59].

Phytopharmacological studies on P. cineraria revealed the presence of valuable
active compounds [82]. The presence of secondary metabolites in this plant ensure
that this plant has medicinal uses against different human diseases [83]. The dis-
tribution of chemical constituents in various parts of the plant with respect to the
role of the plant in ethnomedicine is an important aspect to correlate [84], urging
further researches on chemical compounds and their interrelationship with impacts
of climate change.

The literature review reveals that the majority of activity measurements have
been carried out on various polar extracts and fewer studies have been done using
aqueous extracts. However, the pharmacological properties reported are analgesic,
anti-inflammatory, antimicrobial, antiviral, hypoglycemic activity and proved to be
effective against cancer cells and the malignant growth when tested on several cell
lines.
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2.9 Conclusions

P. cineraria is well-adapted to extreme environmental conditions and grows in a wide
array of geographic areas. It can be concluded that P. cineraria is a promising medic-
inal plant with a wide range of pharmacological activities. It is used traditionally
as an antioxidant, antimicrobial, anti-diabetic and against hypertension. It exhibits
hepatotoxicity, lipid lowering activity, anti-inflammatory and anticancer potential. In
addition to their medicinal importance, P. cineraria has significant nutritional impor-
tance. The present review is aimed to summarize the up-to-date information on the
phytochemicals of P. cineraria and their bioactive importance.

Emerging phytochemicals and their pharmacological activity have paved the way
to explore and find out the possibility for new and naturalmedication to be used safely
and effectively by patients, especially in the field of carcinogenic disease prevention
and in the ever-increasing global demand for food.

2.10 Future Prospects

In the recent past, much of the scientific attention has been drawn to the discovery of
new and effective therapeutic agents fromnatural sources. Reports ofP. cineraria and
its activities have gained attention leading to the development of further medicinal
uses. A multitude of phytoconstituents has been explored for their prospective use to
prevent the occurrence of a number of ailments including carcinogenesis. A number
of studies on anti-inflammatory, analgesic, antioxidant, antiviral, antibacterial, anti-
diabetic, anticancer, antimicrobial, antifungal and plant defense activities have also
reported the therapeutic efficacy of extracts and the plants secondary metabolites.
The scientific information on P. cineraria includes various aspects of chemical and
biological uses underlining the plants as potentially important. There is an ample
scope for future research on P. cineraria in many important fields including cancer
prevention and treatment, also as antimicrobial agents in the present critical era of
emerging resistance towards classical antibiotics. Numerous chemical components
of this plant are a rich source of nutrients providing useful future applications as
phytochemicals and hence further pharmacological investigations are warranted.
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Chapter 3
Conductimetric Analysis
and Preliminary Evaluation
of Phytochemical Constituents
of Sporobolus spicatus (Vahl) Kunth
[Family: Poaceae] by FTIR and UV–Vis
Spectroscopic Techniques

Adewale Olufunsho Adeloye

Abstract FTIR and UV–Vis techniques, being essential tools for analytical and
research applications, were used to provide first-hand spectroscopic information on
the phytochemical constituents present in Sporobolus spicatus, a halophytic plant
commonly referred to as salt grass. The plant sample used in the analysis was col-
lected from the Okavango Delta area, Republic of Botswana. Preliminary phyto-
chemical screening on the whole plant parts shows positive tests for flavonoid and
phenolic compounds but absence of saponins. FTIR method in the mid-infrared
region 4000–400 cm−1 revealed the characteristic peak values, intensity and func-
tional groups present in the plant. The FTIR wavenumber frequencies of the crude
aqueous-ethanolic extracts of the leaves, stem bark and root compared to correspond-
ing raw dry plant parts confirmed the presence of alcohols, phenols, alkanes, esters,
carboxylic acids, aromatics and possibly aliphatic amine compounds as major phy-
tochemical constituents in the plant. The transmission, reflection and absorption data
as a function of wavelength and absorption coefficient were determined by UV–Vis
spectroscopy in solution and solid states ranging from 200–800 nm on a double beam
Perkin Elmer spectrophotometer. Well resolved and separated characteristic broad
absorption band peaks at the wavelength λmax 280–450 nm mostly associated with
flavonoid and other phenolic compounds were obtained. In addition, a preliminary
investigation into salt uptakes ability of the plant in predetermined concentrations
of sodium chloride solution was carried out by pH and conductimetry methods. The
report in this paper is the first communication on spectroscopic analysis of Sporobo-
lus spicatus which is intended to provide useful information for further research on
the value-added applications in biotechnology for the development of salt-tolerant
crops for use in salt-afflicted agro-ecosystems or as a natural agent for wastewater
purification and desalination.
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3.1 Introduction

Over 831 million hectares which include 397 and 434 million hectares of saline and
sodic soil respectively have been reported as total areas of salt-affected soils world-
wide [1, 2]. The detrimental effects of the increased salinity on the soil as well as
groundwater relate to the decreased agricultural land use, strains in sustainable farm-
ing practices which are attributed to constant increase in factors such as population
pressure, adverse environmental condition, climate change, natural calamities and
food shortage [3]. To recover substantial parts of these salt-affected land and ground
water for useful applications require large investment to maintain advanced water
desalination technologies which include reverse osmosis and membrane filtrations
[4]. Many research groups have intensified studies towards the identification of less
costly and economically viable alternative technologies of which the use of natu-
ral plants for the removal of salts from contaminated soils or water have been put
forward especially in the removal of salts in agronomic practices and wastewaters
[5–8].

Among the plants so far examined though with scarce information available till
date based on their phytodesalination activity potentials, phytochemical constituents
and isolation as well as the understanding of the molecular mechanisms used in
adaptation and removal of salts are the halophytes. Many authors have reported that
most halophytes either excrete or accumulate salts in their morphological, anatom-
ical, physiological parts and/or been involved in biochemical processes [2, 9, 10].
The understanding of the coordination chemistry of metals within plant tissues has
been recommended as one of the means to fine-tune the process of phytoremedia-
tion in spite of the many challenges facing phytoremediation as a green remediation
technology with great potentials [10].

Halophytes have been described as those group of plants that have superior adap-
tation to live in an extreme saline environment such as seawater, a salt water marsh
or a salt desert using certain forms of mechanisms such as osmotic adjustment and
ion compartmentalization in their vacuoles to survive the conditions [11]. There is
no universally-agreed definition for these plants but, it is clear that the high toler-
ance of halophytes to salinity is recognized as the common characteristic of these
group of plants [7, 12]. It has been reported that based on definition, some plants are
categorized as halophytes for their ability to complete the life cycle in a rather high
salinity level of about 11.7 g NaCl L−1 (200 mMNaCl) [7], and on a broader list in a
recent database include certain species of plant that can tolerate a minimum salinity
of 4.7 g NaCl L−1 (80 mM NaCl) as halophytes [13, 14].

With the growing body of information about molecular markers, genomics and
post-genomics, the significant knowledge about themechanismandcontrol of salinity
tolerance at molecular level is appraised. Over two decades, in spite of the few
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studies that have been performed on the molecular mechanism of salt tolerance as
exhibited by halophytes unlike those studies on concentration on glycophytes, studies
involving the understanding of how plants respond to salt stress have been carried out
on various halophytes with the findings based on unique genetic makeup that allow
them to grow and survive under salt stress conditions [15–24]. Among other studies is
that which involved the sodium compartmentation in the vacuolar Na+/H+ antiporter
(NHX) which explains the move of potentially harmful ions from cytosol into large,
internally acidic, tonoplast-bound vacuoles and the mechanism or regulation of the
chloride ions [25, 26].

In spite of previous research and reports on halophytic plants so far, little informa-
tion on the phytochemistry and spectroscopic characterization of compounds present
are found in the literature. The focus of the present study is limited to an attempt
to report through the use of FTIR, UV-V is spectroscopy, pH and conductimetric
properties, of the inherent phytochemical functional groups present in the leaf, stem
and root extracts of Sporobolus spicatus. The plant (Family: Poaceae), commonly
known as salt grass grows near water, has short-tufted perennial stoloniferous, flat
blade leaves and is of maximum height of 40 cm [27].

3.2 Materials and Methods

3.2.1 Plant Material

The plant sample used for this study (Fig. 3.1) was collected in the month of Febru-
ary, 2016 from Okavango Delta area of Botswana. The plant was identified and
authenticated botanically at the Okavango Research Institute, Maun, Botswana.

Fig. 3.1 Sporobolus spicatus growing along water stream and dried ground samples of the leaf,
stem and root in bottles
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3.2.2 Plant Sample Preparation and Extraction

3.2.2.1 Aqueous Ethanol Extraction

The fresh plant was prepared and separated into various parts (leaf, stem and root)
and air-dried at room temperature, and finely cut into pieces before extraction. The
three different sectional parts (0.200 g) were extracted with 50% aqueous-ethanol
(200 mL) in the cold for 72 h, filtered and concentrated to dryness using a rotary
evaporator to obtain ethanolic extracts of the leaf, stem and root. Each dry extract
was kept in refrigerator until use.

3.2.2.2 Sodium Chloride Solution Extraction

Sodium chloride solutions with concentration of 1.00 and 0.40 M were prepared
respectively by dissolving 58.44 and 23.38 g of NaCl salt in 1000 mL deionized
water. Sodium chloride solution extracts of the S. spicatus of the leaf and stem were
then prepared by weighing 0.20 g dry weight of the leaf and stem in 200 mL, and
0.10 g of the root in 100 mL (based on quantity available). Equivalent amount of the
leaf, stem and root were also added to deionized water. The plant materials soaked in
salt solutions were left under agitation for 24 h. The extracts were thereafter filtered
to measure the pH and conductivity of the filtrates.

3.3 Phytochemical Screening

Preliminary phytochemical screening was carried out on the aqueous-ethanolic (1:1,
v/v) extracts of Sporobulus spicatus (leaves, stem bark and root) using the standard
procedures as reported by Odebiyi and Sofowora [28] to identify the phytochemicals
present in the extracts. The tests carried out were for the flavonoids, phenols, and
saponins.

3.3.1 Determination of Flavonoids

The ethanolic extract of the leaf, stem and root was each added to a small piece
of magnesium ribbon, followed by dropwise addition of concentrated hydrochloric
acid. Changes of colours observation from red to crimson and to magenta were taken
as positive results for the presence of flavonoid compounds.
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3.3.2 Determination of Phenolic Compounds

Each of the plant part ethanolic extracts (leaf, stem and root) was separately stirred
in 10 mL of distilled water and then filtered. To the filtrate was added two drops of
5% iron(III) chloride reagent. Blue—black colouration or precipitate was taken as
positive result of the presence of phenolic compounds.

3.3.3 Determination of Saponins

Each of the plant parts (leaf, stem and root) was separately stirred in a test tube
vigorously; absence of foamingwas taken as negative result and absence of saponins.

3.4 Spectroscopic Analysis, pH and Conductivity

FTIR andUV–Vis absorption spectra of the raw dry leaf, stem and root of Sporobolus
spicatus and the corresponding 50% crude aqueous-ethanol extracts were obtained
using FTIR (IRTracer-100) SHIMADZU, MIRacle 10 with Single Reflection ATR
Accessory analysis in vibrational frequency range 4000–600 cm−1, at resolution of
8 cm−1 with 64 co-added scans. All spectra were subtracted against a background
of air spectrum. After every scan, a new reference of air background spectrum was
taken. The ATR plate was carefully cleaned by gentle scrub with methanol soaked
in soft tissue paper before taking another sample for analysis. During acquisition,
room temperature and humidity were maintained at 22 °C and 40% respectively. The
Ultraviolet-Visible and UV–Vis reflection spectroscopy were performed in a dou-
ble beam diode array UV-2600 SHIMADZU spectrophotometer. The spectra were
collected from 250–500 nm using a slit width of 10 mm. The pH and conductivity
were obtained for each sample’s filtrate using InoLab pH 7110 and Thermo scientific
conductivity meter (P00187) respectively.

3.5 Results and Discussion

3.5.1 Infrared Spectral Studies of the Dry and Aq. Ethanolic
Extracts of Sporobolus Spicatus

The FTIR spectra of each studied Sporobolus spicatus leaf, stem and root sample are
as shown in Figs. 3.2, 3.3 and 3.4 respectively. The bands identified in each sample
are displayed in Table 3.1.
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Fig. 3.2 a FTIR spectrum of the dry raw leaf of Sporobolus spicatus, b FTIR spectrum of aq.
ethanol extract of Sporobolus spicatus leaf
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Fig. 3.3 a FTIR spectrum of the dry raw stem of Sporobolus spicatus, b FTIR spectrum of aq.
ethanol extract of Sporobolus spicatus stem
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Fig. 3.4 a FTIR spectrum of the dry raw root of Sporobolus spicatus, b FTIR spectrum of aq.
ethanol extract of Sporobolus spicatus root

3.5.1.1 Discussion on FTIR Spectra

It is possible to relate the specific vibrational frequencies to the functional groups
present in the phytochemicals as contained in the three sections of the sample plant.
From the spectra, common frequency band peaks are found in all the sample extracts
(dry and ethanolic) with slight shifts of ±5 cm−1. The significant broad frequency
band peaks between 3382–3331 cm−1 and 2930–2846 cm−1 are specific to the OH
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Table 3.1 ATR-FTIR wavenumber frequency (cm−1) in Sporobolus spicatus plant

Leaf Stem Root

Raw (Dry) Aq. EtOH Raw (Dry) Aq. EtOH Raw (Dry) Aq. EtOH

3341 3333 3342 3382 3350 3331

2918 2930 2920 2918 2924 2928

2849 2852 2851 2846 – 2885

1733 1734 1735 – 1650 1666

1633 1604 1640 1602 1605 1588

1463 1513 1460 1456 1500 1509

1419 1452 1421 1395 1425 1420

1372 1399 1167 1255 – 1413

1241 1336 1050 1078 1320 1359

1167 1265 – 1043 – 1266

1082 1123 – 991 – 1100

1050 1049 1039 1047

– 995 799 993

– 939 675 852

802 – 608 –

group and to the C–H stretch vibrations for methyl and methylene groups. The
peaks having the values of 1733–1735 cm−1 are assigned to the carbonyl υ(C =
O) group possibly of the 4-position of ring C of the C6–C3–C6 flavonoid structure,
an ester, or carboxylic acid. This band is considerably lower in the root extracts,
being observed at 1650 and 1666 cm−1, which may be due to factors associated
with the presence of extended π-conjugation and/or hydrogen bonding which lower
frequencies. The 1640–1588 cm−1 represent theυ(C=C)str.; 1463–1419 cm−1 peaks
correspond to the υ(C–H) bending of alkane; 1399–1336 cm−1 peaks are assigned
to the carboxylate symmetric υ(–COO−) of the carboxylic acid group; the peaks at
1266–1241 cm−1 indicate (C=C) aromatic bending and 1123 cm−1 peak is assigned
to the υ(C–O–C)str of ethereal group. The strong intense peaks at 1082–1039 cm−1

are characteristic of C–C stretching, while bands at 608, 675, 799, 802, 852, 939,
991, 993 and 995 cm−1 correspond to the in-plane deformation vibrations of C–H
bonds which support the different aromatic substitution patterns in the molecules
[29, 30].

3.5.2 UV–Vis Absorption and Reflectance Spectra Studies

The UV–Vis spectra of the Sporobolus spicatus extracts obtained in solution of
methanol are as shown in Fig. 3.5 and 3.6 respectively for the aq. ethanolic extracts
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Fig. 3.5 Overlay of UV–Vis spectra of S. spicatus (Aq. EtOH extracts) (Leaf = pink, Stem= red,
Root = grey)
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Fig. 3.6 Overlay of UV–Vis spectra of dry S. spicatus in NaCl solution (Leaf = black, Stem =
blue, Root = pink)
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and sodium chloride solution. Non-destructive UV–Vis reflectance spectra for the
dry raw leaf, stem and root plant samples are depicted in Fig. 3.7a–c.

The absorption wavelengths of the aqueous ethanolic extracts and dry samples
recorded in the range 250–500 nm show for the aqueous extracts of the leaf (λmax

275, 322, and 412 nm), stem (λmax 280, 323 nm), and root (λmax 278 and 320 nm).
Similar absorption wavelengths are recorded for the dry samples soaked in NaCl
solution with the leaf: λmax 277 and 323 nm; stem: λmax 280 and 320 nm and root:
λmax 279 and 311 nm. A common trend in the absorption bands in the crude ethanolic
extracts and dry samples was observed with the root having lowest values as when
compared to the leaf and stem respectively. It iswell known that ultraviolet and visible
spectroscopy was one of the earliest techniques routinely used for flavonoid analysis
due to the existence of two characteristic UV/Vis bands: band I in the 300 to 550 nm
range, arising from the B ring, and band II in the 240–285 nm range, arising from
the A ring. Literature shows that while the band I of flavones and flavonols lies in the
240-285 nm range, that of flavanone (no C ring unsaturation) lies in the 270–295 nm
range; and conversely, the band II of flavones and flavanones (no 3-OH group) lies
around 303–304 nm, and that of 3-hydroxylated flavonols is centered around 352 nm
[31, 32]. The similarity in the UV–Vis absorption spectra as recorded for both crude
ethanolic extract and dry sample depicts the presence of varied flavonoid compounds
in the plant. The presence of hydroxyl group in the structure of flavonoidsmakes them
a hydrogen and/or electron donor(s). The non-destructive reflection spectra of the
plant samples were obtained with wavelength scans between 250–500 nm to support
the characteristic absorption bands of the aqueous ethanol extracts. It was observed
that the root sample showed highest reflective property of 131.72% at λmax 338 nm,
followed by the stem, 6.78, 6.59 and 6.21% at relatively close λmax at 335 nm and
lower contents at λmax 421 and 449 nm, while for the leaf, percentage reflection was
lowered to ~1.19% at λmax 275, 377 and 450 nm. UV–Vis reflectance spectroscopy
has beenused for proving in situ the organization of chemical constituents inmaterials
and employed in the studyof plant surfaces [33, 34]. This is supported by the thin layer
chromatography (TLC) in dichloromethane-methanol (9:1) showing the number of
spots in the leaf, stem and root extracts as shown in Fig. 3.8. The TLC plate showed
two prominent fluorescent (reflective) spots (marked with bar lines) on the stem (S)
and root (R) at Rf ~ 0.85 observed under UV lamp at long wavelength of 366 nm. The
non-reflective spots are marked with circles. The reflective spots are conspicuously
absent at same wavelength in the leaf (L) extract on the TLC plate which is also
confirmed by the low percentage in the spectra.

3.5.3 pH and Conductimetric Analysis Determination

3.5.3.1 pH Measurement and Analysis

Solution pH is a critical parameter that governs the biosorption process. The pH
measurement of salt solutions prepared in concentration of 400 mM and 1.0 M NaCl
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421 nm

Fig. 3.7 a Non-destructive UV–Vis reflection spectrum of dry raw leaf of Sporobolus spicatus,
b non-destructive UV–Vis reflection spectrum of dry raw stem of Sporobolus spicatus, c non-
destructive UV–Vis reflection spectrum of dry raw root of Sporobolus spicatus
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Fig. 3.7 (continued)

Fig. 3.8 Structures of some flavonoids and TLC plate of Sporobolus spicatus extracts (L= leaf, S
= stem and R = root)

of sample extracts of the leaf, stem and root of Sporobolus spicatus are monitored
and compared in triplicates to extracts in ordinary deionized water. The average pH
values were monitored on a 3 day interval for a total of 9 days. All measurements
are taken at room average temperature of 22.6 °C.

The experimentwas carried out at two extreme salt concentrations for comparison.
The results show a steady increase in average pH values for deionized water and
1.0 M NaCl solution extracts of the leaf, stem and root, but with corresponding
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significant decreased pH values in 400 mM NaCl solution as shown in Table 3.2
and in Figs. 3.9 and 3.10. Metal bioaccumulation efficiency has been found to be
controlled by different factors such as surrounding pH and metal concentration [35].
A low pH value indicates that hydrogen ions in aqueous solution compete with metal
ions which result in protonation of the active sites. The decreased pH values in the
400 mM NaCl are therefore assumed to indicate lower H+ released into the system
relative to higher salt concentration. However, at the higher pH, more negatively
charged surfaces are available resulting in high salt uptake. Since ionic interaction
is the main mechanism contributing to biosorption of metals on the biosorbent [36,
37], it is invariably possible that the hydrogen bond dissociation originates from the
phenolic OH groups of the flavonoids. The variations in pH values from different
parts of the plant are thought to be related to the numbers of -OHgroups on the phenyl
rings A and B of flavonoids. It is expected that NaCl behaves as ionic species (Na+

and Cl−) when dissolved in water, therefore, the formation of negative phenoxide
ions after H-bond dissociation is possibly expected to form a monovalent complex
with sodium ions with the release of H+ which increases the acidity of the solution
(See flavonoid structures in Fig. 3.8). It is also not unlikely that the presence of
Cl− ions in the solution may form chlorine gas relating to bubble formation and
slight exothermic reaction on reaction vessel. On the other hand, at higher pH, more

Table 3.2 pH of the filtrate of the dry leaf, stem and root extracts of the S. spicatus in 40 mM,
1.0 M NaCl solutions and deionized water

pH (deionized water extract) Control pH (400 mM NaCl) pH (1.0 M NaCl)

Blank 6.870 6.787 6.470

Leaf 6.975 6.037 7.005

Stem 7.263 6.625 7.100

Root 7.656 6.326 6.903

0 1 2 3 4 5 6 7 8

Leaf

Stem

Root

Blank

pH 400 mM NaCl extract pH Water extract

Fig. 3.9 pH values of 400 mM NaCl versus deionized water
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Fig. 3.10 pH values of NaCl extracts in two different concentrations
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Fig. 3.11 Time change of conductivity of S. spicatus (leaf, stem and root) extracts

negatively charged surfaces are available resulting in high sodium ion uptake or
removal (Fig. 3.11).

3.5.3.2 Conductimetric Analysis Determination

Electrical conductivity (EC) measures the ability of a solution to conduct electricity
and is expressed in deciSiemens per meter (dS/m, which is equivalent tommhos/cm).
The result obtained from the UV–Vis absorption spectroscopy also provided a direct
correlation between absorbance values and the electrical conductivity of the plant
extracts [25, 26]. The results of conductivity measurement of the leaf, stem and root
sample extracts of Sporobolus spicatus are as shown in Table 3.3; low electrical
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Table 3.3 Time change conductivity measurement of the filtrate of the leaf, stem and root of
S. spicatus in 400 mM, 1.0 M NaCl solutions and deionized water

Conductivity
(μS/cm) deionized
water 72 h

Conductivity
(mS/cm) 400 mM
NaCl 72 h

Conductivity (mS/cm) 1.0 M
NaCl

72 h 9 days % Reduction

Blank (control) 94.8 4.82 58.55 58.55 NA

Leaf 746 5.34 61.12 56.60 7.40

Stem 303 6.43 59.91 54.92 8.33

Root 510 5.30 59.94 55.55 7.33

conductivity values were obtained in the unit μS/cm concentration for all extracts
soaked for 72 h in deionized water. This could be explained in terms of number
of possible number of charges available in the solution to conduct electricity. It is
however not a clear proper explanation to the observed variants in the values obtained
for the 400 mM NaCl solution. The blank solution measurement gave 4.82 mS/cm
with corresponding increase in conductivity at 5.34, 6.43 and 5.30mS/cm for the leaf,
stem and root respectively. A similar trend was found in the 1.0 M NaCl solution,
where 58.55 mS/cm was being recorded for a blank salt solution and 61.12, 59.91
and 59.94 mS/cm respectively for the leaf, stem and root.

The conductivity measurement of same salt solution containing plant materials
monitored on a three day interval for nine dayswas carried out.A significant reduction
in conductivity values was obtained for the leaf, stem and root extracts at 56.60
(<7.40%), 54.92 (<8.33%) and 55.55 (<7.33%) mS/cm respectively. This possibly
implies that lower NaCl ions concentration in solution are available for electrical
conductivity owing to electrostatic binding formation of sodium-flavonoid complex
or other phytochemicals present in plant samples. The electrical conductivity values
for the plant samples in deionized water are found to be 746, 303 and 510 μS/cm
respectively for the leaf, stem and root. The low values may reasonably imply that
little or insignificant chemical compounds interaction occur with the plant parts in
ordinary deionized water.

3.6 Conclusion

Preliminary phytochemical screening, spectroscopic characterization, pH and con-
ductimetric analysis of various sectional parts (leaf, stem and root) of Sporobolus
spicatuswere undertaken in this study. The functional groups, wavelengths and band
intensity peaks confirm the characteristic features of phytochemicals present, which
may include: flavonoids, lignins, lignocellulose, hemicellulose, tannins, and possibly
other phenolic acid compounds. The types of secondary metabolites provide useful
information on chelation and/or metal adsorption mechanisms by which Sporobolus
spicatus survive in saline soil or salty water ecosystem. Further research work how-
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ever is needed to support the development, uses and biotechnological applications
most especially in the phytoremediation and phytodesalination.
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Chapter 4
The Molecular Dynamics Simulation
of a Multi-domain Outer Membrane
Protein A (OmpA) from Shigella flexneri
in POPE Lipid Bilayer

Roy Lee Yung-Hung, Theam Soon Lim, Asma Ismail and Yee Siew Choong

Abstract Shigella flexneri serotype 2a is a major public health concern in the devel-
oping and under-developed countries as it contributes to the endemic shigellosis (also
known as bacillus dysentery) as well as shigellosis mortality. A 35 kDa antigenic
protein from S. flexneri has been shown to be a potential biomarker and the predictive
model from earlier studies showed that this protein is a variant of outer membrane
protein A (OmpA) that consists of OmpA domain and OmpA-like domain. This
study was conducted to further sample and explore the conformation of the OmpA
of S. flexneri in POPE lipid bilayer. The trajectories data from molecular dynamics
(MD) simulation showed that the OmpA secondary structure is retained and the pro-
tein integrity is not impaired. The four extracellular loops are flexible and similar
observation was noted for the linker of the two domains. The conformation of the
extracellular loops could be useful for possible future development for diagnostics
or vaccine of shigellosis.
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4.1 Introduction

S. flexneri is a rod-shaped entero-invasive, non-motile and non-spore forming Gram-
negative bacteria. It is physiologically similar toShigella dysenteriae,Shigella boydii,
and Escherichia coli. Statistics showed that the annual number of shigellosis cases
throughout the world was about 164.7million, with 99% occurring in developing and
under-developed countries. The estimated number of deaths is 1.1 million. Children
under the age of 5 are the main target of the disease, representing 69 and 61% of
cases and deaths, respectively [1–5]. In developing and under-developed countries,
S. flexneri is the main shigellosis serogroup (60%), followed by S. sonnei (15%),
while S. dysenteriae and S. boydii occur at the same frequency of 6% [6].

Studies showed that the outer membrane protein A (OmpA) of S. flexneri is
involved in the bacterial pathogenesis, protrusion and inter-cellular spreading and
induces immune response [7–9]. Despite the biological importance, membrane pro-
teins are difficult to be expressed and crystallised. Therefore, in silico studies can at
least provide some information to understand the dynamics of membrane proteins.
Molecular dynamics (MD) simulation would be one of themost abundant and widely
computer modelling used techniques to embed a membrane protein whose structure
is obtained from crystal or a predictive model into a lipid bilayer to study in atomic
detail, yielding the dynamic behaviour within the membrane protein’s native envi-
ronment. Recent advances in computational software and hardware have enabled
longer time and length scales to be reached for simulation systems made up of many
thousands and even millions of atoms. MD simulations have provided insights into
many other aspects of membrane proteins biophysics [10–14]. Among these are sim-
ulations which have been employed to explore the structure-function relationship of
bacterial outer membrane proteins [15–17], mechanism of transporters [18–20] and
water permeation through aquaporins [21–23].

In this paper, a relatively short (30 ns) MD simulation was utilised in order to
give insights to the conformations of S. flexneri OmpA from the homology model
that we built earlier [24]. Results showed that the secondary structure and protein
integrity of OmpAwas not impaired. Flexibility of the extracellular loops could sug-
gest the possibility of interactions searching with benevolent partners, e.g. bacterial
conjugation or molecules intake/expelled. The linker flexibility also suggested that
the OmpA-like region is ready to interact with e.g. peptidoglycan for bacteria cell
wall formation as reported in some other studies [24–29].

4.2 Methods

4.2.1 Preparation of the System

The starting structure of S. flexneri OmpA is a predictive homology structure
obtained from our previous study [24]. It was then embedded in a pre-equilibrated
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1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine (POPE; http://
terpconnect.umd.edu/~jbklauda/research/download.html) lipid bilayer that was
duplicated in box size dimension x-axis and y-axis of 15 nm × 15 nm, respectively.
The duplication of membrane patch was performed by GROMACS 4.5.4 simulation
package [30]. The protein was then oriented with its principal axis perpendicular to
the bilayer planar [31]. Overlapping lipid molecules with the protein were removed.
The system was solvated with TIP3P water model [32] and overlapping water
molecules in the lipid bilayer region were also removed. Neutralising chloride ions
were added by replacing randomly chosen water molecules.

4.2.2 Simulation Protocol

All simulations were performed using GROMACS 4.5.4 package [30]. Energy min-
imisationwas performedwith steepest descents to relax any steric conflicts generated
during the setup. Short-range electrostatic interactions were treated using the particle
mesh Ewald method [33] with a 1.2 nm cut-off for the real space calculation. Same
cut-off value was also used for the van der Waals interactions. A total of 50,000
steps of minimisation were performed. The system was subjected to equilibration in
two phases. The first stage of NVT was to equilibrate the temperature of the entire
system using Berendsen temperature coupling [34] for 200 ps at 310 K, whereby
the protein complex was under position restraint condition. NPT equilibration of the
system on the protein complexwas done for a length of 2 ns under restraint condition.
Nose-Hoover thermostat [35] was used to produce a kinetic ensemble and to allow
molecular fluctuations within the system for dynamics simulation. Production stage,
30 ns, was performed under NPT ensemble at a pressure of 1 bar and temperature of
300 K. The CHARMM36 force field [36, 37] was used for both built model and lipid
bilayer system. All bond lengths were constrained to their equilibrium value using
LINCS algorithm for the bonds between heavy atom and hydrogen atoms in protein
and lipids [38] and SETTLE algorithm [39] for water molecules. Integration time
step of 2 fs was used and the neighbour list to calculate non-bonded interactions was
updated every 10 time steps during the entire simulation time. Periodic boundary
condition in all directions was applied in the simulation.

4.3 Results

The OmpA-like domain is located at the intra-cellular region, covering a larger area
compared to the extra-cellular region. The overall structure of the protein is relatively
stable throughout the 30 ns simulation (Fig. 4.1). The OmpA protein also retained
its secondary structure, specifically the beta sheets and alpha helix throughout the
simulation.

http://terpconnect.umd.edu/%7ejbklauda/research/download.html
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Fig. 4.1 The secondary structure calculation of S. flexneri OmpA from 30 ns of MD simulation

Conformational drift of the system was evaluated by calculating the root mean
square deviation (RMSD) of the OmpA Cα atoms. Fig. 4.2a shows the RMSD of
the overall structure deviated within 0.75–1.5 nm. This provided the evidence of
relatively small overall conformational drift simulation for the OmpA. Root mean
square fluctuation (RMSF) is a measure of the average atomic mobility of backbone
atoms (N, Cα and C atoms) duringMD simulations. The time-averaged RMSF of Cα

atoms in OmpA showed that the greatest flexibility was exhibited by the extracellular
loops, followed by intra-cellular turns, with the β-barrel residues being the least
mobile (Fig. 4.2b).

OmpA structure was further evaluated by clustering analysis whereby similar
conformations will be grouped into a cluster. This allows a coherent analysis to be
formed concerning the number of clusters present in the respective region in the MD
trajectory data [40]. The clustering analysis was sub-divided into the extracellular
loops, OmpA-like domain, β-barrel and also OmpA as a whole. From the cluster-
ing analysis, it can be concluded that the extracellular loops and the OmpA-like
domain were dynamically mobile during the simulation while the β-barrel is fairly

Fig. 4.2 a Conformational drift (root mean square deviation; RMSD) and b the time-averaged root
mean square fluctuation (RMSF) of S. flexneri OmpA Cα atom from MD simulation
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less flexible. The representative structure of the 35 kDa protein was obtained from
the dominant cluster of OmpA (Fig. 4.3).

Pore-like regions in the β-barrel were analysed using HOLE [41]. The analysis
showed that the diameter decreased from 0.3 to 0.1 nm towards the middle of the
β-barrel (Fig. 4.4a). A steady increase in diameter of a conical shaped-like structure
can be observed at the end of the β-barrel (Fig. 4.4b). The maximumwidth of 1.1 nm
can be observed at the opening of the β-barrel, near to the extra-cellular loops.

Hydrogen bonding analysis was also performed for the extracellular loops and
β-barrel of OmpA. The extracellular loops regions (Fig. 4.5a) showed the fluctuation
of ~5 to ~21 hydrogen bonds along the simulation time. However, results from the
β-barrel analysis showed that the number of hydrogen bonds was at the plateau (~120
to ~150 hydrogen bonds) after 18 ns, indicating that the mobility of the β-barrel is
less pronounced (Fig. 4.5b).

In addition, the radius of gyration for the β-barrel region of OmpA was also
studied. A compact packing of amino acid residues is known to affect the folding
rate and stability of the protein [42]. The degree of stability of the β-barrel which is
inferred from the calculated radius of gyration showed the fluctuation around 1.8 nm
and only deviated around 0.09 nm (Fig. 4.6). Therefore, no significant drift was
observed indicating that the β-barrel is tightly packed and rigid, consistent with the
analysis revealed from the hydrogen bonding analysis.

Fig. 4.3 The ribbon representation of average MD structure of OmpA from S. flexneri. Red coils
are the predicted epitopes. The POPE lipid bilayer is not shown for clarity purpose
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Fig. 4.4 OmpAdomain of S. flexneri from a pore analysis, and b pore diameter profile. Red spheres
representing pore centre at 0.1 nm step along the pore axis. The “pore” is located at the β-barrel
region with ~35Å in length

4.4 Discussion

The function of a protein always involves conformational changes. Hence, a molec-
ular understanding of its mechanism requires a detailed description of the different
functional states the structure can explore dynamically. A small change in protein
sequence could have significant effects on its biophysical properties. However, exper-
imental determination of protein is laborious and often an unpredictable task [43].
Therefore, in this work, we performed molecular simulations in order to obtain the
structural details of OmpA from S. flexneri in the lipid environment. As phospho-
ethanolamine was the main lipid found in Gram negative bacteria [44, 45], thus the
POPE model was used in the system setup to study OmpA of S. flexneri. Confor-
mational drift analysis of the OmpA has provided the insights into the stability of
the component domains and also their movements relative to each other. The root
mean-squared deviation (RMSD) provided a simple but direct measurement of the
structural drift of OmpA from its initial conformation over the course of 30 ns MD
simulation (Fig. 4.2a). The results indicated that the overall conformational dynamics
properties are stable specifically the β-barrel and without significant fluctuation. The
N-terminal β-barrel domain of theOmpA exhibited similar conformational dynamics
to N-terminal of Pasteurella multocidaOmpA-like (PmOmpA) [46]. This suggested
that the overall OmpA conformational dynamic properties might be similar with
other 8-stranded outer membrane protein domains such as PagP [47] and OmpX
[48].

The degree of stability of the β-barrel can also be inferred from the radius of
gyration (Fig. 4.6). No obvious significant drift was observed for the β-barrel. This
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Fig. 4.5 The number of
hydrogen bonds in OmpA of
S. flexneri at the
a extracellular loops, and
b β-barrel region

showed that the structure was stable and no secondary structure changed during
the simulation (Fig. 4.2a). RMSF calculation indicated the flexibility of the large
extracellular loops (Fig. 4.2b). Overall, the predictive model of the OmpA retained
the secondary structure throughout the simulation (Fig. 4.1). The obtained averaged
structure (Fig. 4.3) showed that the OmpA maintained its β-sheets on the β-barrel
and α-helix of the OmpA-like domain. The extracellular loops, postulated to be
the predicted epitopes, serve as antibody recognition site also at its random coil
conformation.

In addition, the linker (residues 174–189) also retained a “random coil” con-
formation throughout simulation. The C-terminal domain showed some movement
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Fig. 4.6 Radius of gyration
of OmpA β-barrel from S.
flexneri

towards the β-barrel. This linker may function in enabling coupling or anchorage of
the outer membrane to the peptidoglycan matrix. This finding is similar to the results
from E. coliOmpAwhere the movement of the linker suggested possible mechanical
stability of the cell [28]. The peptidoglycan forms the bacterial cell wall which is
important to prevent the bacteria from lysis, essential for cell division and giving
structural shape and strength to bacteria [26]. Besides, the folding of the periplasmic
C-terminal domain of OmpA fromAcinetobacter baumannii is ligandmediated [49],
thus further supporting the simulation result of only slight movement towards the
β-barrel.

A more detailed picture of the conformational dynamics of the OmpA can also
be obtained by the analysis of the hydrogen bonds. Analysis of the total numbers
of hydrogen bonds indicated that the loops showed a conformational open/closed
pattern on every ~9–10 ns (Fig. 4.5a). The pattern of increase and then decrease in
the number of hydrogen bonds could be due to the opening and closing of the loops
or constant fluctuation of the loops. On the other hand, the number of hydrogen
bonds after ~18 ns for the β-barrel region (Fig. 4.5b) indicates that the integrity of
the β-barrel is strong and packing the secondary structure tightly as a rigid core for
the OmpA.

OmpA is known as an integral outer membrane protein which consists of four
surfaces exposed loops in which peptides can be inserted and subsequently displayed
on the cell surface [50]. Reports have indicated that OmpA protein can be used for
bacterial surface display system for application such as peptide library screening
[51, 52], live vaccines [53], bioremediation [54] or as positive selection strategy for
epitopes enrichment [55]. Therefore, we postulated that this OmpA with its large
flexible loops is also important as a potent immunogen and is vital in antibody
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mediated immune response. Similarly, the experimental data from Pore et al. also
suggested the possible usage of OmpA from S. flexneri 2a as a promising subunit
vaccine candidate [9].

There are not many experimental studies to suggest the pore activities of the β-
barrel domain of the OmpA. Thus it is interesting to examine the dimensions of
any interior pore during the course of MD simulation. An analysis of the internal
β-barrel pore size was carried out by calculation of the pore radius profile (Fig. 4.4a).
Significant differences in pore radius profile were observed. Therefore, this suggests
that formation of water filled pores is likely to occur in the β-barrel of the OmpA.
However, no salt-bridge was detected in the OmpA β-barrel throughout this simu-
lation although there were reports which showed gating formation in EcOmpA [56,
57]. The absence of formation barrier in this OmpA β-barrel might be due to a larger
channel, ~1.1 nm, at the periplasmic end with no salt-bridge formation in that region
[58].

The pore diameter profile of the β-barrel (Fig. 4.4b) also showed a diameter of at
least ~0.15 nm (approximate van der Waals radius of a water molecule) through the
entire β-barrel. Moreover, there is a clear increase in pore radius from the OmpA-
like region of the β-barrel towards the extracellular loops of the β-barrel suggest-
ing the opening of the pore to enable the passage of water molecules through the
OmpA. Some degree of pore expansion occurring especially at the β-barrel mouth
are expected, consistent with the observation fromNMR [59]. This indicated that the
β-barrel not only allows water permeation into the β-barrel but could also transport
important solutes for the survival of the bacteria [44, 60]. The interactions of N-
glycans in FcγRIa with E. coli K1 OmpA for entry into macrophages also suggested
the importance of the β-barrel in the inducement of disease pathogenesis [61].

4.5 Conclusions

This study extended the use of a predictive model combined with MD simulations to
explore the conformation of the OmpA from S. flexneri. Throughout the simulation,
OmpA showed slightly less conformational drift especially at the β-barrel region.
However, the four large extracellular loops showed flexibility in the form of random
coils. As for the C-terminal OmpA-like domain, the degree of flexibility can also
be observed from the movement of the OmpA-like domain towards the β-barrel.
The representative structure of the OmpA had its secondary structure retained which
showed that the protein integrity is not impaired. This observation might indicate the
possibility of coupling with peptidoglycanmatrix for bacterial cell wall formation. In
conclusion, the current study is encouraging in that computational approaches using
MD simulation have provided some structural insight of the OmpA that could be
useful in future design for a specific binder against OmpA for diagnostic application
or vaccine development.
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Chapter 5
In Vitro Comparative Quality Attributes
of Selected Brands of Fexofenadine
Hydrochloride Tablets Marketed in UAE
and India

Akram Ashames, Richie R. Bhandare, Sham Zain AlAbdin,
Amna Aljashamy, Aya Atfeh, Abir Elwaer and Noura Fakhry

Abstract The quality of pharmaceutical formulations has become a global concern
due to the widespread counterfeit and substandard products that are available in
the global market. Therefore, it is mandatory for the drug manufacturers to assess
the quality standards of their formulations. Fexofenadine hydrochloride is a piperi-
dine derivative indicated for various seasonal allergic rhinitis conditions such as
rhinorrhea, sneezing nose, throat and itchy eyes. The aim of the present work was
to evaluate the quality attributes of different brands of fexofenadine hydrochloride
tablets having a strength of 180 mg using pharmacopeial and non-pharmacopeial
methods. Two brands were bought from a retail pharmacy in India and the remain-
ing two were bought from a local pharmacy in the Emirate of Ajman, UAE. The
results of physical and chemical analyses were statistically evaluated using one tail
t-test, when appropriate, to compare between different fexofenadine hydrochloride
products with the innovator product. Identification, weight variation, disintegration
and friability results were met by all the brands as per the British Pharmacopoeia
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2018 specifications. However, brands from Indian market showed percentages of
dissolved fexofenadine hydrochloride less than the allowed pharmacopeial lower
limit of 80.0% after 45 min, while brands from UAE market represented dissolved
concentrations laid within the acceptable range (≥80.0%). Additionally, brands from
Indian market showed percentage contents of active ingredient range from 75.1 to
80.5% for brand I and 91.4–97.8% for brand II. Brands from UAE market showed
percentages of fexofenadine hydrochloride ranges from 93.2 to 100.0% for brand III
and from 96.5 to 102.3% for brand IV. Brand I and II showed significant differences
with the originator brand IV.

Keywords Fexofenadine hydrochloride · Quality control · Counterfeit · UV–Vis
spectrophotometer · British pharmacopeia (BP)

5.1 Introduction

Fexofenadine is a second-generation, H1-receptor antagonist (antihistamine) with
a selective and peripheral H1-antagonist action [1]. Fexofenadine hydrochloride is
a non-sedating anti-histamine drug used for the symptomatic relief of symptoms
associated with rhinitis, urticarial and allergic skin conditions [2]. It is used to relieve
the allergy symptoms of seasonal allergic rhinitis (hay fever), including sneezing,
red, itchy, or watery eyes, or itching of the nose, throat, or roof of the mouth in
adults [3]. Unlike most other antihistamines, fexofenadine hydrochloride does not
cross the blood brain barrier and, therefore, does not cause drowsiness. Fexofenadine
hydrochloride also lacks cardiotoxic potential of its predecessor terfenadine, since
it does not block the potassium channel involved in repolarization of cardiac cells
[1]. Fexofenadine is proved to be a safe choice in the treatment of asthma and atopic
dermatitis. Fexofenadine is also rapidly absorbed with a long duration of action,
making it suitable for once daily administration as it has a long half-life [4]. Literature
survey reveals that fexofenadine hydrochloride tablets are estimated individually or in
combination with other drugs by different methods including UV spectrophotometry
and RP-HPLC [5–11]. In vitro equivalence studies have been reported in literature
for fexofenadine hydrochloride 60 and 120 mg tablets [12, 13]. Literature review has
not revealed any study related to fexofenadine hydrochloride 180 mg strength for
brands that are already in the market.

The purpose of the present study is to assess the quality control parameters of
different brands of fexofenadine hydrochloride tablets having a strength of 180 mg
available in the Indian and UAE markets. For the present study, we selected two
brands from India and two brands from UAE and assessed the tablets in terms of
key physical and chemical parameters using the British Pharmacopeia 2018 [14] and
non-pharmacopeial methods.
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Table 5.1 Information on fexofenadine hydrochloride tablet samples

Brand Country of origin Market Strength (mg) Expiry date Shape

I India India 180 Aug 2017 Elliptical

II India India Jun 2019 Oval

III Saudi Arabia UAE Apr 2020 Oval

IV France UAE Mar 2019 Elliptical

5.2 Materials and Methods

Four brands of fexofenadine hydrochloride tablets fromdifferentmanufacturers from
India, France, and Saudi Arabia that are marketed in UAE and India were studied.
The products were given names of brand I and brand II for products from Indian
market, and brand III and IV for those from UAE market. Brands I and II of fex-
ofenadine hydrochloride 180 mg tablets were purchased from a local pharmacy in
Mumbai, India, while brands III and IV of the same strength were bought from a
local pharmacy in Ajman, UAE (Table 5.1). All the purchased tablets were stored at
room temperature away from direct sunlight. All the chemicals required for the study
were of AR grade and bought commercially. Fexofenadine hydrochloride certified
reference material and HPLC grade methanol and ethanol solvents were purchased
from Sigma-Aldrich (USA). Water used for dilution and solution preparations was
prepared byMilli-Q reverse osmosis Millipore. A sensitive digital analytical balance
(OHAUS, USA), UV–Visible spectrophotometer, model UV-1800 from Shimadzu
(Japan), and Fourier transform infrared (FTIR) spectrophotometer, model IRAffinity
from Shimadzu (Japan) were used in the experiments.

All the physical and chemical testing were carried out before the expired dates
stated by the manufacturers.

5.3 Physical Testing

All physical test parameters for the tablets were performed according to BP 2018
[14].

5.3.1 Uniformity of Weight

Weight variation test was carried out in order to ensure uniformity in the weight of
tablets. The samples of the tablets of each brand were weighed using an electronic
weighing balance, and the average weight was determined. The weight variation of
the 20 tablets was conducted for each brand as per the BP 2018 specification [14].
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5.3.2 Thickness

Ten tablets from each brand were subjected to tablet thickness test, and the average
thickness of tablets of each brand was determined using a Vernier caliper. Thickness
should be controlled within ±5.0% variation of a standard value.

5.3.3 Disintegration

The disintegration test was performed on 6 tablets from individual brand as per BP
2018 procedures and specifications [14]. The disintegration time of six (6) tablets of
each brand was determined at 37 °C in distilled water using a tablet disintegrator.

5.3.4 Friability

Friability is the loss of weight of a tablet in the container due to removal of fine
particles from the surface during transportation or handling. This test was performed
using an Erweka friabilator where ten (10) tablets from each brand were weighed
before performing the test to determine their initial weight. Then, they were placed
in the friabilator at 25 rpm for 4 min. After that, the tablets were cleaned from
any fragments and re-weighed to determine their final weight for calculating the
percentage friability using the following equation:

%Friability = ((Initial weight−Final weight)/(Initial weight)) × 100

Friability (% loss) must be less than or equal to 1.0%. This is a non-official test
[14].

5.3.5 Dissolution

The dissolution test was conducted using a basket apparatus as per procedure speci-
fied in BP 2018 on tablets from individual brands [14]. This was determined by using
a Tablet Dissolution Apparatus II Paddle Type. Six (6) tablets were taken randomly
from each brand, and one tablet at a time was placed in each of the six vessels of
the apparatus. A volume of 900 mL 0.1 N hydrochloric acid was poured in each
vessel, and the system was maintained at 37 °C with a speed of 50 rpm. 5 mL of
sample was withdrawn from each of the vessels at time intervals of 10, 15, 30, and
45 min. The absorbance of each of the withdrawn samples at λmax 219 nm was
determined using an UV-visible spectrophotometer. The concentrations of dissolved



5 In Vitro Comparative Quality Attributes of Selected Brands … 89

fexofenadine hydrochloride present in the samples were determined by referring to
the calibration curve of standard fexofenadine hydrochloride. To pass the test, not less
than 80.0% of the labeled amount of fexofenadine hydrochloride should be dissolved
within 45 min [14].

5.4 Chemical Testing

5.4.1 FTIR Spectroscopy

The samples from the four brands were subjected to FTIR spectroscopic analysis
to examine the presence of fexofenadine hydrochloride in the formulations. The
spectra of the samples were compared to the spectrum of the standard fexofenadine
hydrochloride. The FTIR scanning range was from 400 to 2000 cm−1.

5.4.2 UV–Vis Spectrophotometric Assay

The UV–Vis spectrophotometric assay of fexofenadine hydrochloride used in this
work was reported in the literature [12]. A solution with a concentration of 0.00015%
w/v of standard fexofenadine was scanned for confirming the wavelength of maxi-
mum absorbance (λmax). For each brand, 10 tablets were powdered and an amount
equivalent to 0.003 g of fexofenadine hydrochloride was taken for the assay. Since
fexofenadine is freely soluble in methanol and ethanol, the powder from each brand
was dissolved in 25 mLmethanol and sonicated for 10 min, then made up to 100 mL
with ethanol [12]. 5 mL from the resulting solution were diluted with the same
mixture of methanol and ethanol (25:75) to make a 100 mL solution with a concen-
tration of 0.00015% w/v solution. This procedure was repeated for all the brands.
Then, the absorbance of the resulting solutions of different brands was measured at
219 nm. Same procedures were performed for the fexofenadine hydrochloride cer-
tified reference standard using different concentrations to construct the calibration
curve. The percentage contents of fexofenadine hydrochloride in each brand were
then calculated using the calibration curve and the following formula:

%Content = (Absorbance of Sample)/(Absorbance of Standard) × 100

Ten (10) measurements of the absorbance for each brand were carried out, and
the average values of percentage drug contents were compared to the main brand of
fexofenadine (brand IV) by t-test one tail.
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Table 5.2 Weight uniformity of different brands

Brand Average
weight ± SD
(mg)

Minimum
weight (mg)

Maximum
weight (mg)

% Deviation
(±mg)

Range allowed
(mg)

I 376.5 ± 1.1 374.5 378.5 5.0% (±18.8) 357.7–395.3

II 610.0 ± 1.5 608.0 612.0 5.0% (±30.5) 579.5–640.5

III 608.0 ± 2.2 605.0 611.0 5.0% (±30.4) 577.6–638.4

IV 630.0 ± 2.0 627.0 632.0 5.0% (±31.5) 598.5–661.5

5.5 Results and Discussion

5.5.1 Weight Uniformity Test

The weight uniformity test is a method of establishing the drug content uniformity
in tablets. According to the BP 2018 specifications [14], if the average mass of the
tablets is 250 mg or more, the percent deviation should not be more than 5.0%. In
general, the tablet passes the BP 2018 test if no more than two tablets are outside
the percentage limit and if no tablet differs by more than two times the percentage
limit. Twenty tablets for the four brands were individually weighed (Table 5.2) and
the average weight was calculated for each brand. Brands I-IV had the percentage
deviation values within the range specified by BP 2018 specifications and hence
passed the test.

5.5.2 Thickness Test

The thickness for brand I was found to be 6.5± 0.1 mmwhereas brands II-IV had the
same thickness of 7.7 ± 0.0 mm (Table 5.3). This shows that there is a consistency
in the thickness of fexofenadine tablets from the four brands.

Table 5.3 Thickness of
different brands

Brand Thickness
Mean ± SD (mm)

I 6.5 ± 0.1

II 7.7 ± 0.0

III 7.7 ± 0.0

IV 7.7 ± 0.0
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Table 5.4 Disintegration
time of different brands

Brand Average disintegration time (s) ± SD

I 16.0 ± 1.8

II 13.0 ± 1.9

III 59.0 ± 1.4

IV 24.0 ± 1.4

5.5.3 Disintegration Test

Disintegration test is an important experiment to estimate the drug release from
immediate release type of dosage forms. Table 5.4 shows the results of disintegration
test performed for the four brands using six tablets in each brand. Brand II had the
fastest disintegration time with an average disintegration time of 13 s, whereas brand
III had the slowest average disintegration time of 59 s. The order of increasing average
disintegration time of fexofenadine brands was brand II, brand I, brand IV and then
brand III. The disintegration values lied in the range of 13–59 s. All brands passed
the test, where BP 2018 specifications state that the time should not exceed 30 min
for film-coated tablets [14].

5.5.4 Friability Test

Friability test is conducted to assess the ability of the tablet to withstand abrasion
during packaging, shipping and handling. The specification for friability test for
tablets in BP 2018 states that the percentage weight loss from each tablet after
tumbling should not exceed 1.0% [14]. The percent friability for the four brands was
found to be less than 1%, which indicates that the four brands passed the friability
test as shown in Table 5.5.

Table 5.5 Percent friability
of different brands

Brand % Friability

I 0.3

II 0.2

III 0.0

IV 0.0
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5.5.5 Dissolution Test

The dissolution study was conducted on the four brands using BP type II dissolution
apparatus. According to the BP 2018, for a drug to pass the test, a minimum of 80%
of the drug must be completely dissolved after 45 min, i.e. the quantity (Q) + 5.0%
or 80.0% of the drug, where the term Q is the quantity of active substance dissolved
in a specified time [14]. Dissolution test results are shown in Table 5.6 and Fig. 5.1.
Each run was repeated 6 times, and the results are expressed as average values ±
standard deviation (SD). It can be seen that the average percentage dissolved amount
of fexofenadine hydrochloride of brands I and II failed to reach 80% after 45 min.
Brands III and IV showed better dissolution of above 80.0% (81.8 ± 0.8% and 83.1
± 2.8%, respectively) after 45 min.

Table 5.6 Dissolution test for different brands

Time (min) Average dissolved concentration (% w/v) ± SD

Brand I Brand II Brand III Brand IV

0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0

15 80.2 ± 3.9 74.9 ± 4.4 74.4 ± 2.4 76.4 ± 5.1

30 82.5 ± 4.4 77.0 ± 3.2 75.5 ± 1.3 81.8 ± 4.0

45 79.3 ± 3.4 75.3 ± 1.7 81.8 ± 0.8 83.1 ± 2.8

Fig. 5.1 Dissolution study of different brands
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5.5.6 FTIR Test

From the FTIR study, it can be inferred that the spectra of the four brands matched
with the spectrum of the fexofenadine hydrochloride standard (Figs. 5.2, 5.3, 5.4,
5.5 and 5.6).

Fig. 5.2 FTIR spectrum of fexofenadine hydrochloride reference standard

Fig. 5.3 FTIR spectrum of brand I tablets
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Fig. 5.4 FTIR spectrum of brand II tablets

Fig. 5.5 FTIR spectrum of brand III tablets

5.5.7 Assay of Fexofenadine Hydrochloride

The percent content of fexofenadine hydrochloride was determined using UV–Vis
spectrophotometry at 219 nm. Table 5.7 shows the average percent contents of fex-
ofenadine hydrochloride per tablet for all the studied brands. The brands from Indian
market showed percentage contents of active ingredient range from 75.1 to 80.5%
for brand I and 91.4–97.8% for brand II. Brands from UAE market showed percent-
ages of fexofenadine hydrochloride range from 93.2 to 100.0% for brand III and
from 96.5 to 102.3% for brand IV. Moreover, there was a significant difference (p <
0.05) between the originator brand IV and brands I and II. However, no significant
difference was shown between brands III and IV as can be seen in Table 5.7.
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Fig. 5.6 FTIR spectrum of brand IV tablets

Table 5.7 Assay of fexofenadine hydrochloride in different brands

Brand Average % content ± SD Significant difference compared to brand IV (P(T <= t)
one-tail)

I 77.8 ± 2.7 (75.1–80.5) 0.0002

II 94.6 ± 3.2 (91.4–97.8) 0.0312

III 96.6 ± 3.4 (93.2–100.0) 0.2280

IV 99.4 ± 2.9 (96.5–102.3) –

5.6 Conclusion

Fexofenadine hydrochloridemanufactured in generic form is one of themost popular
choices of antihistamine products used for the treatment of allergy symptoms such as
hay fever, nasal congestion, and urticarial. Two brands from Indian market and two
brands fromUAEmarket having a strength of 180mgwere evaluated for their quality
control parameters using the methodologies from BP 2018 and a developed non-
pharmacopeial assay method. It was found that all the four brands passed the tests for
weight variation, disintegration, FTIR, and friability. However, significant difference
was observed between brands I and II compared to the innovator brand (brand IV)
for the other quality control tests such as dissolution and content uniformity. More
work is in progress to assess more brands of fexofenadine hydrochloride 180 mg
tablets from these two markets using pharmacopeial methods.
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Chapter 6
The Cytotoxicity of Mimusops
Caffra-Derived Ursolic Acid and Its
Three Triterpenoid Semi-synthesized
Derivatives on HEK293 and HepG2 Cells

Senabello T. Mngomezulu, Adebola O. Oyedeji, Francis O. Shode,
Opeoluwa O. Oyedeji, Andy R. Opoku and Moganavelli Singh

Abstract The isolation of pure ursolic acid (UA) from most plants presents a prob-
lem because it often comes as a mixture with its isomer, oleanolic acid (OA). In this
study the separation ofUA fromOA/UAmixture obtained fromMimusops caffrawas
achieved through acetylation to give the acetate of UA and OA respectively. Pure UA
(90%) was then obtained by simple de-acetylation of the UA acetate. The resulting
UA was used as template for the semi-synthesis of three triterpenoids derivatives.
This study confirmed the various reports in literature that UA is always accompa-
nied by its isomer oleanolic acid (OA). This article further reports for the first time
the synthesis of 3-acetyl-UA-28-cinnamate. The cytotoxicity of all compounds was
evaluated on human embryonic cells (HEK293) and human hepatocellular carcinoma
cells (HepG2) byMTTassay.All the compounds studied exhibited low toxicity levels
with IC50 > 300 μg/ml.
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6.1 Introduction

The search for isolated or semi-synthesised compounds that can be used in drug
formulation, which are non-toxic but more active and having fewer side-effects than
synthetic drugs, is on the increase. The use of natural products as templates for
the semi-synthetic derivatives with more potency [1], is the alternative route. Penta-
cyclic triterpenes and their derivatives are widely reported for their diverse biological
activities potentials based on different chemical structure modification [2–4].

Compound 1 (Fig. 6.1), known as ursolic acid, the pentacyclic triterpene of inter-
est, obtained in large amounts from certain plants, can be used as a starting material
for the synthesis of other biologically active compounds. However, it is generally
accompanied by its isomer (oleanolic acid) compound 2 (Fig. 6.1) and the close-
ness of their chemical structures makes their separation by simple chromatographic
methods very difficult; hence, researchers have relied on derivatization as alternative
means of separation [5, 6].

Secondly, despite the biological potential of ursolic acid (1), unfortunately, it
is only slightly soluble in water preventing its direct use for the pre-clinical and
clinical evaluation. The need of synthesizing soluble derivatives as template for
clinical drug evaluation and formulations is therefore necessary. Some derivatives of
compound 1 have been reported to have a variety of biological activities based on the
different chemical structure modifications [7]. Studies reported by Yu et al. [8] and
Sun et al. [9] revealC3 derivatives of compound 1 being active againstHIV-1-infected
H9 lymphocytes. Cinnamic acid and its synthetic derivatives of compound 1 have
drawn interest over the years due to the antibacterial and antifungal effects [10, 11].
However, a combination of these functional groups in compound 1 at position C3 and

O

OH

1

29

28

30

4

25 26

12
13

3

10

9

6

17

15

19
20

18 22

8

HO

23 24

O

OH

1

28

30

4

25 26

12
13

3

10

9

6

17

15

19
20

18 22

8

HO

23 24

29

1 2 

Fig. 6.1 The carbon numbered structures of ursolic acid (1), and oleanolic acid (2)
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C28 have not been reported. Tanachatchairatana et al. [12] reported the biological
activity of the cinnamate-based esters of closely related triterpenes at position C3.
Baglin et al. [13] reported the anti-tumour and anti-HIV activity of UA linked at
C3 with the substituted cinnamic acid. Our interest in structure-activity relationship
(SAR) studies prompted the introduction of different functional groups at C3- and
C28-position of compound 1with the aim of enhancing their biological activity. The
main aim of the study is to obtain pure UA, to increase the solubility of the parental
compound by synthesizing C3- and C28-modified derivatives, and to evaluate the
antineoplastic activity of the spectrum of 1 derivatives.

6.2 Experimental

6.2.1 Preparation and Extraction of Plant Material

The leaves ofMimusops caffrawere collected from the Durban Botanic Gardens and
authenticated. The voucher number of the specimen was FOS005. The dried leaves
of the plant were pulverised and stored at room temperature. Approximately 1 kg of
the powder was macerated twice in 5 litres of ethyl acetate for 48 h with constant
shaking. Crude extract solution was concentrated using a rotary evaporator under
reduced pressure to obtain ethyl acetate crude extract of yield 87.24 g.

6.2.2 Purification and Separation of Ursolic Acid (1)
and Oleanolic Acid (2) from Crude Extract

Ethyl acetate extract (87.0 g) was washed twice with hexane at room temperature to
remove the non-polar components followed by an acetone wash to yield the residue
(61.48 g) and the combined filtrate (25.41 g). The 1HNMRanalysis of residue reveals
that it was a mixture of compounds 1 and 2. Separation of 1 and 2 was achieved
by acetylating the mixture of the two isomers followed by fractionation on column
chromatography and finally, hydrolysis of the acetates gave back the free acids as
indicated in Scheme 6.1.

6.2.3 Derivatization of 1

6.2.3.1 Acetylation Procedure for the Preparation of 3

Mixture of compounds 1 and 2 (10 mmol) was dissolved in 40 ml pyridine. While
stirring, 9.45 ml of acetic anhydride was added to the mixture in an ice bath. DMAP
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Scheme 6.1 Separation of ursolic and oleanolic acids; reagents and conditions: a acetic anhydride,
pyridine, DMAP, 24 h, r.t. [6]; b 10% aqueous K2CO3, MeOH, 30 min, r.t. [12]

(4-dimethylaminopyridine) (1.22 g, 10mmol) was added and themixture was further
stirred at room temperature for 24 h. The reaction mixture was poured into distilled
ice water and stirred for an hour. The solid product was filtered and washed with
2 M HCl to remove unreacted pyridine and DMAP. The product was recrystallized
in methanol, air dried and subjected to column chromatography (3: 3.087 g and 4:
0.896 g) using Hex/EtOAc (9:1).

6.2.3.2 De-Acetylation Procedure for the Preparation of 1

6 mmol of 3 was added to 10 ml of MeOH and stirred. Excess solution of 10%
aqueous K2CO3 (5 ml) was added with continuous stirring at ambient temperature
for 30 min. Water (20 ml) was added and the solution mixture was acidified with 5%
aqueous HCl and extracted three times with ethyl acetate (3× 40 ml). The combined
organic phase was then washed with water (2 × 40 ml) and dried over anhydrous
sodium sulphate (Na2SO4); the solvent was evaporated and the residue recrystallized
in methanol (1: 2.472 g) (Scheme 6.1).
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6.2.3.3 Preparation of 5

Modified Wen et al. procedure [14] was adapted in which 3-acetyl-UA (3) (0.5 g;
0.001 mol) was treated with excess CH3I (2 g) in the presence of Na2CO3 (2–3 g) in
40mlDMF at 20 °C for 24 hwhile stirring. Afterwards, the content was decanted into
100 ml water and stirred again for about 2 h before filtering. The desired compound
5 (3-acetyl-UA-28-methylate) was formed as indicated by TLC; purification by col-
umn chromatography eluting with Hex/EtOAc (9:1) gave 5 as pure white crystals
(0.4805 g).

6.2.3.4 Preparation of 6

Modified procedure of Cativela and Diaz-de-Villegas [15] was used for preparation
of 6. Amixture of 3 (0.5 g, 0.001mol) andK2CO3 (0.3 g) in DMF (40ml) was heated
to 50 °C and excess benzyl chloride (10 ml) was added. After 2 h, the temperature
was raised to 60 °C for another 2 h, and finally to 70 °C for a total of 24 h without
letting air into the reaction. The hot reaction mixture was quenched with distilled
water and stirred for a few minutes, allowing the oily product to settle at the bottom
of the flask. A creamy layer of water (with a pleasant smell) was filtered by gravity.
Crystals were observed within four days. The product was recrystallized in ethanol.
Product 6 (3-acetyl-UA-28-benzylate) was obtained as pure white shiny needles
(0.31 g) (Scheme 6.2).

6.2.3.5 Preparation of 7

Modified procedure of Tanachatchairatana et al. [12] was employed in which SOCl2
(3 ml) was added to cinnamic acid (0.15 g, 1 mmol) in a 500 ml round bottom flask
and refluxed for two hours without letting air into the reaction. Excess SOCl2 was
removed after which CCl4 (1.0 ml) was then added to the mixture and concentrated
under vacuo at 40 °C to remove any traces of SOCl2. Compound 3 (0.4 g, 0.8 mmol)
was placed in another beaker containing a mixture of 7 ml of DCM and 1.0 ml of
triethylamine (TEA). This mixture was stirred and transferred into the round-bottom
flask. The combined mixture was stirred at room temperature for 24 h after which it
was diluted with 4 ml CCl4 and washed three times with distilled water (3 × 50 ml).
The organic layer was separated and dried over anhydrous Na2SO4 and concentrated
under pressure at 40 °C. Compound 7 (3-acetyl-UA-28-cinnamate) (0.025 g) was
purified by column chromatography using Hex/EtOAc (9:1) and was obtained as a
creamy white powder (Scheme 6.2).
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Scheme 6.2 Semi-synthesis of 28-UA-analogues, reagents and conditions: a DMF, Na2CO3,
iodomethane, r.t., 24 h [14]; b DMF, K2CO3, benzyl chloride, 70 °C, 24 h [15]; c SOCl2, cin-
namic acid, CHCl3, TEA, 24 h, r.t. [12]

6.2.4 Cytotoxic Bioassay—The MTT Assay

Slightlymodifiedmethod ofMosmann [16]was used to test for the cytotoxicity of the
drugs. Human embryonic kidney (HEK293) and hepatocellular carcinoma (HepG2)
cells were grown to confluence in 25 ml flasks. These were then trypsinized and
placed in 96-well plates at specific speed densities. The cells were incubated for
24 h at 37 °C. Thereafter, the medium was removed and a fresh medium mixture of
minimal essential medium (MEM + Glutamax + antibiotics + 10% foetal bovine
serum) was added. The compounds were added in triplicate for each concentration
and incubated for 48 h and the cells were subjected to MTT assay as described
by Nanyonga et al. [17]. The medium was removed from the cells in a multiwell
plate, and 100 μl of 5 mg/ml MTT solution in phosphate buffer saline (PBS pH
7.4) and 100 μl of medium were added and the plate was incubated again for 4 h at
37 °C. Thereafter, the medium and MTT solution were removed from the wells and
100 μl of dimethyl sulfoxide (DMSO) were added to each well to stop the reaction
and dissolve the insoluble formazan crystals. For the control, no compound was
added to the reacting solutions. The plate was read using the Mindray plate reader.
The percentage mortality was calculated for all measurements using the following
formula:
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%Cell Mortality =
(
1 − Atest

Ablank

)
× 100

where Atest is the absorbance of the tested sample and Ablank is the absorbance of the
control or blank. The concentration range of the semi-synthesised compounds was
50–300μg/ml. The graphs are plotted as the cell mortality (%) against concentration
of extract used.

Statistical analysis calculated the percentage of cell mortality based on the aver-
age absorbance of the triplicate samples; standard deviation was calculated as a
percentage of each measurement using 2010 Microsoft Excel.

6.3 Results and Discussion

Direct ethyl acetate extraction of the M. caffra leaves afforded OA and UA as a
mixture. De-fatting of the ethyl acetate extract followed by acetone washing gave
purified ethyl acetate extract (61.48 g). TLC of the purified extract gave one spot at Rf

value of 0.49. However, NMR analysis of the purified extract confirms the presence
of compounds 1 and 2 in the mixture. Separation of these isomers was achieved by
the acetylation reaction (Scheme 6.1).

The acetylated products OA acetate (4) andUA-acetate (3) (Fig. 6.2) were isolated
by column chromatography. Structural elucidation was established with the help of
2DNMRand comparisonwith data from the literature [18–20]. The carbonnumbered
structures of ursolic acid derivatives and oleanolic acetyl derivative (4) are given in
Fig. 6.2. Compounds 3 and 4 were obtained as white amorphous powders.

6.3.1 Ursolic Acid (1)

Hydrolysis of 3 yielded pure compound 1 (90%, Rf 0.49, pink spot) as white powder
melting at 286–288 °C which was correlated with the report of Deri et al. [21]. The
structure of compound 1, which is the backbone of all the other semi-synthesized
compounds reported in this article, was confirmed by the appearance of 30 peaks
in 13C NMR. The DEPT 90 experiment showed seven peaks (CH), whilst DEPT
135 showed a total of 14 peaks (CH and CH3) and nine CH2 peaks (Table 6.1).
Furthermore, HMBC was used to assign the protons to each carbon in accordance
with the literature [18, 21]. The most notable carbons were C-3, C-12, C-13 and C28,
which were distinctly separated from the rest of the carbons. The C-28 resonated at
the highest frequency δ 183.2 ppm which is a carboxylic acid carbon. The C-13
quaternary carbon was downfield at δ 143.6 ppm due to the carbon double bond
while the vinyl C-12 was deshielded to the frequency of δ 122.6 ppm. C-3 was easily
recognised at δ 79.03 ppm due to the C–O bond, which causes it to be deshielded.
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Fig. 6.2 The carbon numbered structures of ursolic acid derivatives and oleanolic acetyl derivative
(4)

The remaining carbons that fall under the methylene envelope were assigned their
position using the 2D NMR and reference data in literature [18].

6.3.2 3-Acetyl-UA (3)

After the acetylation of themixture of the isomers 1 and 2, 3-acetyl-UA (Scheme 6.2)
was obtained as a white amorphous powder, with a melting point of 279 °C, yield
62% with Rf 0.89, a pinkish spot (while OA-acetate had a melting point range of
231–234 °C as compared to 230–233 °C reported in the literature by Habila et al.
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Table 6.1 1H and 13C NMR data (δ ppm) of compounds 1–7
13C 13C

DEPT 
1 3 OAa 2 4 UAb 5 6 7

δC δC δC δH δC δH δC δC δH δC δH δC δH δC

1 CH2 38.8 39.0 39.0 1.26, t 31.9 1.25, t 37.0 38.8 1.27, t 38.3 1.25, t 38.3 1.26, t 38.3
2 CH2 28.1 23.6 28.1 1.60, q 27.2 1.60, m 28.1 27.3 1.62, q 23.6 1.60, m 23.5 1.62, q 23.5
3 CH 79.0 80.9 78.2 3.20, dd 79.1 4.50, dd 81.0 78.8 4.50, dd 80.9 4.50, dd 80.9 4.30, dd 81.0
4 C 38.4 37.7 39.4 — 38.7 — 37.7 38.8 — 39.5 — 39.5 — 39.7
5 CH 55.2 55.3 55.9 1.35, m 55.2 1.34, m 55.3 55.5 1.35, m 55.3 1.34, m 55.3 1.40, m 55.3
6 CH2 18.3 18.2 18.8 1.53, m 16.9 1.53, m 16.9 18.4 1.53, m 18.2 1.53, m 18.2 1.53, m 18.9
7 CH2 33.1 33.7 33.4 1.33, t 29.7 1.34, t 32.9 33.0 1.32, t 30.7 1.34, t 30.7 1.32, t 30.7
8 C 39.3 39.0 39.8 — 39.5 — 40.0 39.6 — 37.7 — 37.7 — 37.7
9 CH 47.6 52.1 48.2 1.50, dd 47.5 1.50, dd 47.6 47.5 1.49, dd 47.5 1.50, dd 47.5 1.49, d 47.5
10 C 37.1 36.9 37.4 — 36.9 — 36.7 37.0 — 36.7 — 36.6 — 37.8
11 CH2 23.4 23.3 23.8 1.92, m 22.7 1.92, m 23.6 23.3 1.95, m 23.3 1.92, m 23.3 1.95, m 23.3
12 CH 122.6 125.7 122.6 5.20, t 125.9 5.20, t 124.3 125.5 5.20, t 125.5 5.20, t 125.6 5.20, t 125.6
13 C 143.6 137.9 144.8 — 138.9 — 139.6 138.0 — 138.2 — 138.1 — 137.9
14 C 41.6 41.9 42.2 — 41.9 — 41.5 42.0 — 41.9 — 41.0 — 42.5
15 CH2 27.7 28.0 28.4 0.99, d 28.1 0.98, d 28.7 28.2 0.92, d 28.0 0.98, d 27.9 0.92, d 27.8
16 CH2 23.6 23.6 23.8 1.08, d 23.6 1.07, d 23.4 24.3 1.03, d 24.2 1.07, d 24.2 1.03, d 24.2
17 C 46.5 47.5 46.7 — 47.9 — 42.1 48.1 — 47.1 — 48.1 — 49.8
18 CH 41.0 39.5 42.1 2.19, d 52.7 2.00, d 59.1 52.8 2.20, d 52.9 2.00, d 52.9 2.20, d 52.6
19 CH2 45.9 48.0 46.6 1.32, s 39.1 1.30, s 39.7 39.1 1.29, s 39.0 1.30, s 39.1 1.29, s 39.1
20 C 30.7 32.8 31.0 1.32, d 38.8 1.33, d 39.6 38.8 1.32, d 38.9 1.33, d 38.8 1.32, d 39.5
21 CH2 33.8 30.6 34.3 1.26, m 29.4 1.25, m 31.2 30.7 1.26, m 32.9 1.25, m 33.0 1.26, m 33.0
22 CH2 32.6 28.1 33.2 0.99, m 38.6 1.70, m 38.5 36.7 0.99, m 36.9 1.70, m 36.9 0.99, m 36.9
23 CH3 22.9 23.6 28.8 1.25, s 29.1 0.98, s 29.7 28.2 1.23, s 28.1 0.98, s 28.1 1.23, s 28.1
24 CH3 15.6 16.7 16.5 0.85, s 14.0 0.83, s 14.1 15.5 0.85, s 15.5 0.83, s 15.5 0.85, s 15.5
25 CH3 15.3 15.5 15.6 0.77, s 15.5 0.78, s 15.7 15.7 0.78, s 16.7 0.78, s 16.7 0.78, s 16.7
26 CH3 17.1 17.1 17.5 0.86, s 15.6 0.82, s 18.2 16.9 0.85, s 16.9 0.82, s 17.0 0.85, s 17.1
27 CH3 25.9 24.0 26.2 1.08, s 23.4 1.07, s 23.2 23.6 1.10, s 23.3 1.07, s 23.6 1.10, s 23.6
28 C 183.2 183.7 180.0 — 178.8 — 195.0 177.7 — 178.1 — 177.3 — 172.6
29 CH3 27.2 38.8 33.4 0.87, d 14.1 0.88, d 18.2 16.9 0.87, d 17.1 0.88, d 17.0 0.87, d 17.3
30 CH3 23.9 21.2 23.8 0.85, s 17.1 0.84, s 17.5 21.2 0.84, s 21.3 0.84, s 21.3 0.84, s 21.3
1’ C 171.1 171.0 — — 171.0 — 171.0 — 171.0
2’ CH3 21.3 21.4 1.90, s 2.00, s 21.2 1.90, s 21.2
3’ 3.50, s 51.5 5.00, dd 66.0 2.00, s 21.1
4’ — 136.4 — 172.6
5’ 7.30, d 128.4 6.50, s 117.5
6’ 7.30, dd 128.1 7.80, s 145.2
7’ 7.20, dd 127.9 — 137.8
8’ 7.50, d 128.0
9’ 7.40, d 128.0

aKontogianni et al. [19], Uddin et al. [20]
bMohato and Kundu [18]

[22]). TheMS of 3 indicatedm/z= 497.35, which isM-H for [C32H49O4]. The NMR
analysis of compound 3 had two additional signals due tomethyl and carboxy carbons
of the acetoxy group in the 13C NMR spectrum and a high intense singlet, which
was due to the methyl protons in the 1H NMR spectrum. The 1H NMR spectrum
further indicated that the proton at C-3 had deshielded from δ 3.2 ppm to a notable
δ 4.5 ppm, and the slight difference in chemical shifts of the nearby carbons as
indicated in Table 6.1, was due to the added acetyl group at C-3.

6.3.3 3-Acetyl-UA-28-Methylate (5)

The methylation of compound 3 gave 70% of 5 as pure white crystals (Scheme 6.2).
The melting point of 5 was found to be 219–220 °C with Rf 0.92, a dark purplish
spot. The MS m/z = 513.39, which is M + H for [C33H52O4]. On NMR analysis, an
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additional signal in 13C spectrum at δ 51.5 ppm, the C-3′ carbon, correlating to the
singlet in proton NMR spectrum at δ 3.5 ppm that is due to the added methyl group,
was observed (Table 6.1).

6.3.4 3-Acetyl-UA-28-Benzylate (6)

The benzylation of compound 3 gave 52% of 6 as pure white shiny needles
(Scheme 6.2). The melting point was 190–191 °C with Rf 0.94, a dark pink spot.
The MS m/z = 589.42, which is M + H for [C39H56O4]. The NMR analysis showed
additional signals on the 13C spectrum for the added benzyl group. Notably also was
the CH2 signal at C-3′ at δ 66.0 ppm with the corresponding protons in 1H NMR
spectrum at δ 5.0 ppm (Table 6.1).

6.3.5 3-Acetyl-UA-28-Cinnamate (7)

The reaction of compound 3 and cinnamic acid chloride gave 48% of 7 as a creamy
white powder (Scheme 6.2). Themelting point of 7was found to be 163–165 °Cwith
Rf 0.94, a dark bluish spot. The MS m/z = 629.85, which is M + H for [C41H56O5].
Analysis of the 13C NMR spectrum revealed additional distinct carbon signals at
117.5, 128.0, 137.8, 145.2 and 172.6 ppm for the added cinnamic group. The rest of
the backbone structure of the parent compound was not affected as indicated by the
chemical shifts in Table 6.1.

6.3.6 Cytotoxicity Activity

The effect of the anti-cancer activity of compounds 1–7 was determined by measur-
ing the cell viability using the 3-(4,5-dimethylthiazolyl-2)2,5-diphenyltetrazolium
bromide MTT technique. The results of the cytotoxicity/anti-proliferative activity
of the drugs are summarised in Tables 6.2 and 6.3 and presented in Fig. 6.3. It is
apparent that ursolic acid and its derivatives exhibit a dose-dependent cytotoxicity
in both HEK293 and HepG2 cells; the response of the two cell lines was almost the
same towards the drugs. In cytotoxic evaluations a compound is significantly active
if it has an IC50 less than 30 μg/ml [23]. The observed IC50 values indicate that the
drugs do not exhibit any appreciable antineoplastic activity. It is apparent also that
the chemical modification of ursolic acid rather renders it less toxic. This result is
in line with the report of Yin et al. [24] in which ursolic acid and its derivatives
exhibited anticancer activity against breast cancer cells. In our report, the modified
derivatives of ursolic acid were observed to be less toxic than the parent compound
although still potent.
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Table 6.2 Cytotoxicity in HEK293 (human embryonic kidney) cells

Conc. (μg/ml) 1 3 5 6 7

Percentage of cell mortality (% ± SD)

0 0.0 0.0 0.0 0.0 0.0

50 10.0 ± 5.8 17.3 ± 2.7 9.0 ± 0.6 3.2 ± 2.9 4.6 ± 1.5

100 29.8 ± 3.8 27.0 ± 1.7 15.2 ± 3.2 9.0 ± 8.1 13.4 ± 5.3

150 28.0 ± 5.8 32.0 ± 4.8 22.2 ± 4.7 13.0 ± 5.2 17.8 ± 5.5

200 35.2 ± 1.6 37.2 ± 5.1 29.3 ± 6.4 24.4 ± 4.7 25.4 ± 3.4

250 37.1 ± 6.1 40.7 ± 5.3 39.3 ± 1.2 31.5 ± 7.5 25.4 ± 2.7

300 43.0 ± 4.2 46.6 ± 2.4 42.6 ± 4.5 34.3 ± 6.4 32.2 ± 6.9

IC50 (μg/ml) 820 770 880 <1000 <1000

% = Percentage of cell mortality calculated on the average absorbance of the triplicate samples;
standard deviation (SD) calculated as a percentage of each measurement using 2010 Microsoft
Excel. The IC50 values were calculated using the Cheburator version 1.2.0 easy-to-use software

Table 6.3 Cytotoxicity in HepG2 (human hepatocellular carcinoma) cells

Conc. (μg/ml) 1 3 5 6 7

Percentage of cell mortality (% ± SD)

0.0 0.0 0.0 0.0 7.4 ± 5.5 7.6 ± 6.6

50.0 16.2 ± 8.8 5.2 ± 4.9 11.3 ± 8.0 7.9 ± 6.8 9.4 ± 4.1

100.0 23.6 ± 3.6 11.7 ± 3.4 13.4 ± 5.3 20.1 ± 7.0 14.4 ± 6.0

150.0 28.1 ± 0.8 15.6 ± 6.0 20.7 ± 7.0 22.4 ± 4.4 22.1 ± 1.5

200.0 36.3 ± 1.3 26.6 ± 23.8 23.9 ± 2.3 28.7 ± 6.7 28.1 ± 6.9

250.0 39.2 ± 2.4 20.5 ± 10.0 28.8 ± 3.8 39.5 ± 0.6 36.6 ± 2.0

300.0 46.8 ± 6.2 33.0 ± 4.6 33.0 ± 5.9 7.4 ± 5.5 7.6 ± 6.6

IC50 (μg/ml) 790 <1000 <1000 <1000 <1000

% = Percentage of cell mortality calculated on the average absorbance of the triplicate samples;
standard deviation (SD) calculated as a percentage of each measurement using 2010 Microsoft
Excel. The IC50 values were calculated using the Cheburator version 1.2.0 easy-to-use software

6.4 Conclusion

Mimusops caffra has been shown to be a good source of ursolic acid while ethyl
acetate was found to be the best solvent to get good yields of 1 and 2 by extraction
from the leaves of this plant. Acetylation of the mixture enabled separation of both
compounds 1 and 2 with high recovery percentages. This semi-synthetic isolation
route was found to be faster and easier and it gave a high product yield when com-
pared to other methods described in the literature. The semi-synthesis of ursolic acid
derivatives was achieved, and oleanolic analogues could be promising prosperous
drugs for other human infectious diseases which need to be studied further.
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Fig. 6.3 Cytotoxicity
activity of a compound 2
(OA), b compound 3
(3-acetyl-OA), c compound
1 (UA), d compound 4
(3-acetyl-UA), e compound 5
(3-acetyl-UA-28-methylate),
f compound 6
(3-acetyl-UA-28-benzylate)
and g compound 7
(3-acetyl-UA-28-cinnamate)



6 The Cytotoxicity of Mimusops Caffra-Derived Ursolic … 109

Acknowledgements The financial support of National Research Fund and of the Research Direc-
torates of Walter Sisulu University, University of Fort Hare and University of Zululand are duly
acknowledged.

References

1. Young-Won C, Balunas MJ, Chai HB, Kinghorn AD (2006) Drug discovery from natural
sources. AAPS J 2:8 Article 28

2. Chen Y, Liu J, Zhao XL, Xu HB (2005) Oleanolic acid nanosuspensions: preparation, in-vitro
characterization and enhanced hepatoprotective effect. J Pharm Pharmacol 57:259–264

3. Dzubak P, Hajduch M, Vydra D, Hustova A, Kvasnica M, Biedermann D, Markova L, Urban
M, Sarek J (2006) Pharmacological activities of natural triterpenoids and their therapeutic
implications. Nat Prod Rep 23:394–411

4. Habila JD, Ndukwe GI, Amupitan JO, Nok AJ, Shode FO (2010) Synthesis, characterization
and candidosis inhibition of hybrid molecule: 3β-cinnamyl oleanolic acid. J Appl Sci Res
8:1077–1085

5. Bannon C, Eade R, Saaan H, Simes J (1975) The chlorination of olean-12-enes. Aust J Chem
28:2649–2654

6. Kashiwada Y, Wang HK, Nagao T, Kitanaka S, Yasuda I, Fujioka T, Yamagishi T, Lewis KG
(1983) The separation of substituted olean-12-en-28-oic acids from the corresponding urs-12-
en-28-oic acid isomers. Aust J Chem 36:2297–2305

7. Sun H, FangW,WangW, Hu C (2006) Structure-activity relationships of oleanane- and ursane-
type triterpenoids. Bot Stud 47:339–368

8. Yu D, Sakurai Y, Chen C, Chang F, Huang L, Kashiwadia Y, Lee K (2006) Anti-AIDS agents
69. Moronic acid and other triterpene derivatives as novel potent anti-HIV agents. J Med Chem
49:5462–5469

9. Sun I,KashiwadaY,Morris-NatschkeL, LeeKH (2003) Plant derived terpenoids and analogues
as anti-HIV agents. Curr Top Med Chem 3:155–169

10. Tawata S, Taira S, Kobamoto N, Zhu J, Ishihara M, Toyama S (1996) Synthesis and fungal
activity of cinnamic esters. Biosci Biotech Bioch 5:909–910

11. Tonari K, Mitsiu K, Yonemoto K (2002) Structure and activity of cinnamic acid related com-
pounds. J Olea Sci 51:271–273

12. Tanachatchairatana T, Bremner J, Chokchaisiri R, Suksamrarn A (2008) Antimycobacterial
activity of cinnamate-based esters of triterpenes betulinic, oleanolic and ursolic acids. Chem
Pharm Bull 56:197–198

13. Baglin I, Mitaine-Offer A, Nour M, Tan K, Cave C, Lacaille-Dubois M (2003) A review of
natural and modified betulinic, ursolic and echinocystic acid derivatives as potent antitumor
and anti-HIV agents. Mini Rev Med Chem 3:525–539

14. Wen X, Zhang P, Liu J, Zhang L, Wu X, Ni P, Sun H (2006) Pentacyclic triterpenes. Part
2: synthesis and biological evaluation of maslinic acid derivatives as glycogen phosphorylase
inhibitors. Bioorg Med Chem Lett 16:722–726

15. Cativela C,Díaz-de-VillegasMD (1998) Stereoselective synthesis of quaternaryα-amino acids.
Part 1: acyclic compounds. Tetrahedron-Asymmetr 9:3517–3599

16. Mosmann T (1983) Rapid colorimetric assay for cellular growth and survival: application to
proliferation and cytotoxicity assays. J Immunol Meth 65:55–63

17. Nanyonga S, Opoku A, Lewu F, Oyedeji O, Singh M, Oyedeji A (2013) Antioxidant activity
and cytotoxicity of the leaf and bark extracts of Tarchonanthus camphorates. Trop J Pharm
Res 12:377–383

18. Mohato SB, Kundu AP (1994) 13C NMR spectra of pentacyclic triterpenoids—a compilation
and some salient features. Phytochemistry 37:1517–1575



110 S. T. Mngomezulu et al.

19. Kontogianni VG, Axarchou V, Troganis A, Gerothanassis IP (2009) Rapid and novel dis-
crimination and quantification of oleanolic and ursolic acids in complex plant extracts using
two-dimensional nuclear magnetic resonance spectroscopy-comparison with HPLC methods.
Anal Chim Acta 635:188–195

20. Uddin G, Siddiqui B, Alam M, Sadat A, Ahmad A, Uddin A (2011) Chemical constituents
and phytotoxicity of solvent extracted fractions of stem bark of Grewia optiva Drummond ex
Burret. J Sci Res 8:85–91

21. Deri VG, Vijayan C, John A, Gopakumar K (2012) Pharmacognostic and antioxidant studies
on Clerodendrum inerme and identification of ursolic acid as a marker compound. Int J Pharm
Sci 4:145–148

22. Habila JD, Shode FO, Ndukwe GI, Amupitan JO, Nok AJ (2012) Effect of C-3 modification
of oleanolic acid on Candida spp. Trichophytontonsurans and Microsporumcanis inhibition.
Pharmacologia 3:313–324

23. Suffness M, Pezzuto JM (1990) Assays related to cancer drug discovery. In: Methods in plant
biochemistry: assays for bioactivity, Hostettmann K (ed) vol 6. Academic Press, London, pp
71–133. ISBN-10: 0124610161

24. Yin R, Li T, Tian JX, Xi P, Liu RH (2018) Ursolic acid, a potential anticancer compound for
breast cancer therapy. Crit Rev Food Sci 58:568–574



Chapter 7
Chemical Composition of Hypoxis
hemerocallidea Fisch. & C.A. Mey
from Eastern Cape, South Africa

Pamela Rungqu, Opeoluwa O. Oyedeji and Adebola O. Oyedeji

Abstract The present study describes the chemical composition of Hypoxis heme-
rocallidea. The essential oil was obtained by hydrodistilling the leaves and corms
(fresh and dry) of H. hemerocallidea. The percentage yield of the oil was 2.0%
in fresh leaves, 2.2% in dry leaves, 2.8% in fresh corms and 2.5% (v/w) in dry
corms; the colour of the oils were pale yellow. The essential oil profile was deter-
mined by GC and GC-MS. Twenty two components out of the fifty-one components
detected by the GC and GC-MS in the fresh leaves essential oil of H. hemero-
callidea accounted for 97.3%, 27 components in the dry leaves oil accounted for
96.7%, 27 components in the fresh corms oil accounted for 95.8% and 26 compo-
nents in the dry corms accounted for 93.0% of the total oil composition. The major
compounds in the essential oils of H. hemerocallidea are sabinene (0.9–27.6%),
linalool (15.3–25.4%), α-terpineol (3.5–13.8%), β-caryophyllene (2.2–11.5%), α-
terpinolene (0.4–9.8%), β-terpineol (2.1–9.2%), terpinene-4-ol (6.6–8.6%), hexade-
cane (2.7–8.1%), cis-nerolidol (6.8–7.7%), myrcene (4.1–7.5%), β-phellandrene
(1.3–7.5%), n-hexadecanoic acid (6.6–6.9%), γ-terpinene (2.6–6.5%), linoleic
acid (3.2–6.5%), trans-β-ocimene (0.4–6.4%), δ-3-carene (0.5–6.4%), octadecane
(2.0–6.4%), β-bourbonene (3.0–6.2%), α-ionone (1.5–5.3%), β-selinene (2.4–5.2%),
α-caryophyllene (1.8–4.8%), trans-isolimonene (0.1–4.6%), limonene (1.1–4.3%),
ethyl linoleate (1.5–4.3%) and δ-cadinene (3.2–4.2%). Non-terpenic groups such as
aliphatic carboxylic acids, saturated hydrocarbons and aromatics were significantly
present in essential oils of H. hemerocallidea. Additionally, other chemical groups
such as esters, ketones, and alcohols were present in the oils but their percentages
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were low. This is the first time the essential oils of H. hemerocallidea from South
Africa have been investigated and reported despite its use in traditional medicine.

Keywords Hypoxis hemerocallidea · Essential oil · Sabinene · Linalool ·
α-terpineol · β-caryophyllene

7.1 Introduction

Hypoxis is a well-known genus of the family Hypoxidaceae [1, 2] and its species are
monocotyledons that are commonly distributed in the Southern Hemisphere includ-
ing sub-Saharan Africa, America, south-east Asia and Australia [3, 4]. The genus
Hypoxis is reported to have its centre of variation in SouthAfrica [5, 6]where it occurs
in open undisturbed grasslands [7]. There are 96 known species ofHypoxis in Africa,
out of which 30 Hypoxis species are found in southern Africa [8], eleven species of
which are used for medicinal purposes with H. hemerocallidea and H. colchicifolia
reported to be the most popular [2, 9]. Hypoxis genus has generated pharmaceutical
interest based on its use as a traditional medicine by indigenous people of eastern
and southern Africa [10]. The Hypoxis corm has a catalogue of medicinal uses and
also serves as a source of food; it is among the commonly prescribed medicines by
traditional healers [11]. Hypoxis species have been used in South Africa as umuthi
for hundreds of years by different tribes to treat various ailments [12]. In Zulu tra-
ditional medicine, Hypoxis roots or corms are used for treating infertility, urinary
infections, intestinal parasites, heart weakness, nausea, cough, palpitations, nervous
disorder and vomiting. An infusion made from the tuber of H. colchicifolia is taken
as an emetic against fearful dreams.H. rigula andH. hemerocallidea leaves are used
as ropes in KwaZulu-Natal. Corms from H. obtuse are used to make black polish
which is then applied to the floors of the huts. In the midst of starvation the Xhosa
and the Sotho people roast or boil the corms of someHypoxis species so that they can
eat them [9, 13, 14]. Extracts from the corms of Hypoxis are used as ingredients in a
wide range of products such as anti-oxidants, anti-inflammatories, anti-diabetics and
anti-convulsants [15]. Some of the species, such as H. hemerocallidea, H. stellipilis,
H. sobolifera var. sobolifera [16] and H. obtusa [17, 18] to name a few, have been
scientifically proven to contain hypoxoside, a phytochemical that has immune regu-
latory properties and its extracts are now widely used in the pharmaceutical industry
[19].

Hypoxis hemerocallidea Fisch. & C.A. Mey (Hypoxidaceae) was previously
known asH. rooperi ; however nowadays it is commonly known as theAfrican potato,
yellow star flower (English), inongwe (isiXhosa), ilabatheka, zifozonke (isiSwati)
and Inkomfe (isiZulu). It is a stemless, geophytic, perennial herb with large corms
(tubers) which are dark brown or black on the outside and bright yellow inside
[20]; this type of Hypoxis species occurs in open grassland and woodland. It is
widespread in South Africa in provinces like Eastern Cape, Free State, KwaZulu-
Natal, Mpumalanga, Gauteng and Limpopo;H. hemerocallidea is also found in open
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grass of Botswana and Lesotho and in savanna regions of Swaziland and Zimbabwe.
Studies on the medicinal properties of H. hemerocallidea dated back to 1982 when
unknowingly the cormswere simultaneously studied for the first time in two countries
by scientists in Italy and South Africa [21]. H. hemerocallidea, or African potato,
is counted amongst the special indigenous medicinal species of commercial impor-
tance in southern Africa [6]. The corm of the H. hemerocallidea has been used in
folk medicine to treat a variety of diseases, such as the common cold, flu, hyperten-
sion, adult-onset diabetes mellitus, psoriasis, urinary infections, testicular tumours,
prostate hypertrophy and internal cancer, HIV/AIDS and some central nervous sys-
tem disorders [22].

A hydroalcoholic extract of H. rooperi was patented with a long list of benefi-
cial properties such as anti-inflammatory, antibiotic, antiarthritic, antiatherosclerotic,
diuretic and stimulant of muscular and hormonal activities [23]. Some biomedical
evidence suggests thatH. hemerocallidea corm extract may be useful in the manage-
ment of type 2 diabetes mellitus [9]. Previous studies have shown that crude aqueous
and methanolic extracts of H. hemerocallidea exhibited good antibacterial activity
against a number of bacteria strains including Escherichia coli and Staphylococcus
aureus [13, 24]. Thedemand forH.hemerocallidea has intensified in recent years, fol-
lowing the isolation and elucidation of a phytosterol diglucoside, hypoxoside, which
has various pharmacological activities [22, 25]. Bayley and Van Staden showed
that the corms of H. hemerocallidea are the major site of biosynthesis of hypox-
oside [26]. Some of the compounds isolated from H. hemerocallidea are desmos-
terol, β-sitosterol, campesterol, stigmastanol, stigmasterol and β-sitosterol glucoside
[27–29]. The glucoside hypoxoside was first isolated and characterized from H.
obtusa by Marini-Betolo et al. in 1982 four years before the findings by Drewes
et al. (1984), and Vinesi et al., in 1990 [27, 28, 30]. Drewes et al., in 1984 reported
the presence of hypoxoside in H. acuminata, H. nitida, H. obtusa, H. rigidula, and
H. latifolia [27, 29]. The phytosterols including their main constituents, hypoxoside
and its active derivative rooperol are now being used in fields of anti-oxidants, anti-
inflammatories, anti-diabetes, anti-convulsants, inhibitors of drugmarker substances,
anti-cancerous and premalignant cancer cells [25]. Furthermore, the pharmacological
properties of rooperol in studies conducted by several scientists have demonstrated
its potency towards cancer, inflammation, and HIV [21, 26].

To the best of our knowledge no work has been reported on the essential oil chem-
ical composition of H. hemerocallidea, Therefore, this study is aimed at extracting
essential oils from both (fresh and dry) parts of Hypoxis hemerocallidea leaves and
corms, to determine the chemical profile and then evaluate the medicinal potential of
the essential oils.We therefore report the chemical composition ofH. hemerocallidea
essential oils from this study for the first time.
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7.2 Materials and Methods

7.2.1 Plant Material

H. hemerocallidea plants were collected in the fields of Bathurst location near Gra-
hamstown in the Eastern Cape Province. The plant samples were then sent to Rhodes
University for identification; they were taxonomically identified by Mr. T. Dold and
the voucher specimen was deposited in Selmar Schonland Herbarium Grahamstown
(GRA) at Rhodes University; the collection number was PR/PL03.

7.2.2 Extraction of Essential Oils

600 g of fresh or dry (leaves and corms) of H. hemerocallidea were subjected to a
hydro-distillation method for approximately 5 h using the Clevenger apparatus [31].
The extracted essential oils were then collected and stored in airtight amber glass
bottles in a refrigerator at 4 °C until the time of analysis [32].

7.2.3 Analysis of Essential Oils

GC-FID was performed on a HP5890-II instrument, equipped with a DB-5MS
(30 m × 0.25 mm; 0.25 μm film thickness) fused silica capillary column. Hydro-
gen was used as carrier gas adjusted to a linear velocity of 32 cm/s (measured at
100 °C). Split flow was adjusted to give a 20:1 ratio and septum sweep was a con-
stant 10 mL/min. The oven was programmed as follows: 60–240 °C at 3 °C/min.
The samples were injected using the splitless technique using 2 μL of oil in hexane
(2:1000). Injector and detector were set at 250 °C. The GC was equipped with FID
and connected to an electronic integrator HP 5896 Series II. The percentage yield
of the samples was computed from the GC peak areas without using correction for
response factors.

GC-MSwas performed on a HP-6890 GC system equipped with a HP-5MS fused
capillary column (30 m × 0.25 mm; 0.25 μm film thickness), coupled to a selective
mass detectorHP-5973.Helium (1mL/min)was used as carrier gas; oven temperature
program: 60–240 °C at 3 °C/min; splitless during 1.50 min; sample volume 2 μL of
the oil solution in hexane (2:1000). Injector and detector temperature was 250 °C.
EIMS: electron energy, 70 eV; ion source temperature and connection parts: 180 °C.
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7.2.4 Identification of Essential Oils

Identification of compounds was done by matching their mass spectra and retention
indices with those recorded inNIST08 library and by comparison of retention indices
and mass spectra with literature values [33–35].

7.3 Results

7.3.1 Chemical Composition of Essential Oils

The essential oils extracted from the leaves and corms (fresh and dry) of H. heme-
rocallidea were pale yellow in color with an unpleasant odor; the percentage yields
of the oils are as follows: 2.0% for fresh leaves, 2.2% for dry leaves, 2.8% for fresh
corms and 2.5% for dry corms. Constituents identified in the leaves and corms (fresh
and dry) ofH. hemerocallidea together with their Kovat indices and percentage com-
position are listed in Table 7.1. A total of 51 components were identified in the fresh
leaves GC-MS chromatogram of the essential oil ofH. hemerocallideawith 22 com-
ponents accounting for 97.3%, 27 components accounting for 96.7% in dry leaves,
27 components accounting for 95.8% in fresh corms and 26 components accounting
for 93.0% in dry corms. The fresh leaves essential oil had the followingmain compo-
nents: sabinene (27.6%), linalool (15.3%), terpinene-4-ol (8.6%), δ-3-carene (6.4%)
and trans-β-ocimene (5.3%), while in dry leaves essential oil the main components
were β-terpineol (9.2%), β-caryophyllene (11.5%), myrcene (7.5%), terpinen-4-ol
(6.6%), γ-terpinene (6.5%), linoleic acid (6.5%), and β-selinene (5.2%). Hexadecane
(8.1%), cis-nerolidol (7.7%), β-phellandrene (7.5%), n-hexadecanoic acid (6.9%),
trans-β-ocimene (6.4%), octadecane (6.4%), β-bourbonene (6.2%) andα-terpinolene
(5.1%) were the major components in the essential oil of fresh corms. In the essential
oil of the dry corms, linalool (25.4%), α-terpineol (13.8%), α-terpinolene (9.8%), cis-
nerolidol (6.8%) and n-hexadecanoic acid (6.6%) were the major components. The
GC-MS analysis of the fresh leaves essential oil also showed that there was the pres-
ence of monoterpenes (55.6%), oxygenated monoterpenes (26.5%), sesquiterpenes
(9.6%), aromatics (2.7%), esters (1.5%) and alcohols (1.4%),while in the essential oil
of dry leaves monoterpenes (29.8%), oxygenated monoterpenes (23.1%), sesquiter-
penes (28.7%), aromatics (4.0%), alcohols (0.3%), esters (4.3%) and carboxylic acids
(6.5%) were found to be present. The essential oil of fresh corms was composed of
monoterpenes (19.0%), sesquiterpenes (6.2%), oxygenated sesquiterpenes (7.7%),
saturated hydrocarbons (22.4%), aromatics (28.3%), ketones (2.1%) and carboxylic
acids (10.1%) while in the essential oil of dry corms the detected chemical classes of
compounds were monoterpenes (10.7%), oxygenated monoterpenes (39.2%), oxy-
genated sesquiterpenes (6.8%), saturated hydrocarbons (10.4%), aromatics (13.1%),
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Table 7.1 Chemical constituents from the different parts of H. hemerocallidea essential oils

No. Components KIa KIb H.H.F.L H.H.D.L H.H.F.C H.H.D.C I.M

1 Butan-2-one 601 605 – – 0.6 0.9 MSc, RId

2 2,4-Dimethylbenzene 822 825 – – 0.5 0.7 MSc, RId

4 m-Xylene 866 906 – – 0.2 0.2 MSc, RId

5 2-Ethylthiophene 874 877 0.4 3.2 – – MSc, RId

6 1,2,3-
Trimethylcyclohexane

883 890 – – – 0.2 MSc, RId

7 p-Xylene 883 888 – – 0.2 0.3 MSc, RId

8 Santolinatriene 908 909 – – – 0.2 MSc, RId

9 Cumene 926 912 – – 0.2 1.1 MSc, RId

10 Camphene 953 954 – 1.4 – – MSc, RId

11 Sabinene 976 973 27.6 0.9 – – MSc, RId

12 β-Pinene 980 978 2.3 1.7 – – MSc, RId

13 trans-Isolimonene 983 989 1.5 4.6 – – MSc, RId

14 Myrcene 991 988 4.1 7.5 – – MSc, RId

15 1,3,5-
Trimethylbenzene

994 992 – – 2.4 2.8 MSc, RId

16 δ-3-Carene 1011 1004 6.4 0.5 – – MSc, RId

17 α-Terpinene 1018 1017 1.3 3.5 – – MSc, RId

18 1,2,4-
Trimethylbenzene

1023 1021 – – 2.9 0.4 MSc, RId

19 o-Cymene 1020 1022 – – 3.7 0.6 MSc, RId

20 p-Cymene 1026 1028 2.3 – 2.9 – MSc, RId

21 Limonene 1031 1029 4.3 1.1 – – MSc, RId

22 β-Phellandrene 1031 1030 – 1.3 7.5 – MSc, RId

23 2-
Phenylacetaldehyde

1043 1039 – 0.8 3.1 – MSc, RId

24 trans-β-Ocimene 1050 1052 5.3 0.7 6.4 0.9 MSc, RId

25 trans-
Decahydronaphthalene

1057 1062 – – 2.6 1.0 MSc, RId

26 1,2-Diethylbenzene 1057 1055 – – 2.9 2.2 MSc, RId

27 1-Methyl-3-
propylbenzene

1058 1060 – – 2.1 2.4 MSc, RId

28 4-Methyldecane 1059 1063 – – 3.1 2.0 MSc, RId

29 γ-Terpinene 1062 1059 2.6 6.5 – – MSc, RId

30 trans-Sabinene
hydrate

1068 1066 0.5 3.4 – – MSc, RId

31 cis-Linalool oxide 1074 1077 – 0.4 – – MSc, RId

32 m-Cymene 1082 1085 – – 3.7 2.2 MSc, RId

33 α-Terpinolene 1088 1079 1.6 0.4 5.1 9.8 MSc, RId

(continued)
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Table 7.1 (continued)

No. Components KIa KIb H.H.F.L H.H.D.L H.H.F.C H.H.D.C I.M

34 4-Ethyl-1,2-
dimethylbenzene

1093 1095 – – 3.5 0.2 MSc, RId

35 Linalool 1098 1095 15.3 – – 25.4 MSc, RId

36 β-Terpineol 1159 1163 2.1 9.2 – – MSc, RId

37 Ethyl linoleate 1159 1205 1.5 4.3 – – MSc, RId

38 Terpinen-4-ol 1177 1174 8.6 6.6 – – MSc, RId

39 α-Terpineol 1189 1188 – 3.5 – 13.8 MSc, RId

40 Tridecane 1299 1300 – – 2.2 2.3 MSc, RId

41 β-Bourbonene 1384 1388 – 3.0 6.2 – MSc, RId

42 β-Caryophyllene 1418 1419 2.2 11.5 – – MSc, RId

43 α-Ionone 1426 1426 – – 1.5 5.3 MSc, RId

44 α-Caryophyllene 1454 1478 1.8 4.8 – – MSc, RId

45 β-Selinene 1485 1490 2.4 5.2 – – MSc, RId

46 δ-Cadinene 1524 1522 3.2 4.2 – – MSc, RId

47 cis-Nerolidol 1534 1565 – – 7.7 6.8 MSc, RId

48 Hexadecane 1600 1600 – – 8.1 2.7 MSc, RId

49 Octadecane 1800 1800 – – 6.4 2.0 MSc, RId

50 n-Hexadecanoic acid 1984 1984 – – 6.9 6.6 MSc, RId

51 Linoleic acid 2130 2134 – 6.5 3.2 – MSc, RId

H.H.F.L—H. hemerocallidea fresh leaves; H.H.D.L—H. hemerocallidea dry leaves
H.H.F.C—H. hemerocallidea fresh corms; H.H.D.C—H. hemerocallidea dry corms
I.M—identification method
aKI: Kovat indices on HP-5MS capillary column
bKI: Literature Kovat indices [33–35]
cMS: Identification based on mass spectral data
dRI: Identification on the basis of NIST11 library and comparison with literature data

ketones (6.2%) and carboxylic acids (6.6%) as displayed in Table 7.2. Some of the
major components identified in the essential oils of H. hemerocallidea are shown in
Fig. 7.1.

7.4 Discussion

7.4.1 Chemical Composition of Essential Oils

The present study is the first report on essential oil composition of H. hemero-
callidea. Monoterpenes, oxygenated monoterpenes, sesquiterpenes and oxygenated
sesquiterpenes were the dominating groups in the oil profiles of the leaves and corms
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Table 7.2 Chemical classes of compounds identified in the essential oils of H. hemerocallidea

Chemical classes of
compounds

Fresh leaves (%) Dry leaves (%) Fresh corms (%) Dry corms (%)

Terpenes

Monoterpenes 55.6 29.8 19.0 10.7

Oxygenated
monoterpenes

26.5 23.1 – 39.2

Sesquiterpenes 9.6 28.7 6.2 –

Oxygenated
sesquiterpenes

– – 7.7 6.8

Total 91.7 81.6 32.9 56.7

Non-terpenic compounds

Saturated
hydrocarbons

– – 22.4 10.4

Aromatics 2.7 4.0 28.3 13.1

Alcohols 1.4 0.3 – –

Ketones – – 2.1 6.2

Carboxylic acids – 6.5 10.1 6.6

Esters 1.5 4.3 – –

Total 5.6 15.1 62.9 36.3

Total of identified
compounds

97.3 96.7 95.8 93.0

(i.e. fresh and dry) of H. hemerocallidea contributing in a total of 10.7–55.6%,
23.1–39.2%, 6.2–28.7%and 6.8–7.7% respectively. These figureswere largely due to
sabinene (0.9–27.6%),myrcene (4.1–7.5%), δ-3-carene (0.5–6.4), trans-isolimonene
(1.5–4.6%), limonene (1.1–4.3%), β-phellandrene (1.3–7.5%), trans-β-ocimene
(0.7–6.4), γ-terpinene (2.6–6.5%), α-terpinolene (0.4–9.8%), linalool (15.3–25.4%),
β-terpineol (2.1–9.2%), terpinen-4-ol (6.6–8.6%), α-terpineol (3.5–13.8%), β-
bourbonene (3.0–6.2%), β-caryophyllene (2.2–11.5%),α-caryophyllene (1.8–4.8%),
β-selinene (2.4–5.2%), δ-cadinene (3.2–4.2%) and cis-nerolidol (6.8–7.7%). Non-
terpinic aliphatic carboxylic acids, saturated hydrocarbons and aromatics accounted
for 6.5–10.1%, 10.4–22.4% and 2.7–28.3% respectively, with the main representa-
tives being α-ionone (1.5–5.3%), hexadecane (2.7–8.1%), octadecane (2.0–6.4%),
n-hexadecanoic acid (6.6–6.9%) and linoleic acid (3.2–6.5%). Additionally, there
were also other chemical groups which were present in the essential oil of H. heme-
rocallidea such as esters, ketones and alcohols, their percentages being 1.5–4.3,
2.1–6.2 and 0.3–1.4% respectively.
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Fig. 7.1 Some of the major components identified in the essential oils of H. hemerocallidea

7.5 Conclusion

The findings of this study show that the H. hemerocallidea fresh/dry leaves and
corms contain essential oils which varied in yields and chemical composition. The
most abundant components identified in the essential oils were sabinene, linalool,
α-terpineol and β-caryophyllene. The essential oils also hadmonoterpenes, monoter-
penoids and sesquiterpenes as the most dominant chemical classes of compounds.
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Chapter 8
Photodegradation of Phenol by Silver
Doped TiO2; A Comparative Study
of the Efficiency of HPLC and UV-Vis
Analyses

Benton Otieno , Nomalungelo Matjokana, Seth Apollo, Bobby Naidoo
and Aoyi Ochieng

Abstract The formation of colored intermediate compounds during photocatalytic
degradation of phenol represents the risk of single-handedly employing ultraviolet
visible (UV-Vis) spectrophotometry for the determination of residual phenol con-
centration. Moreover, the widely used titania (TiO2) photocatalyst is hindered by the
high recombination rate of electron-hole pairs. In this study, phenol was photode-
graded in the presence of sol gel synthesized TiO2 and silver doped titania (Ag-TiO2),
under UV illumination. Spectrophotometric determination of residual phenol con-
centration was done using high performance liquid chromatography (HPLC) and
UV-Vis spectrophotometry. Scanning electron microscopy-energy-dispersive X-ray
(SEM-EDX) and Fourier transform infrared (FTIR) spectroscopies revealed the suc-
cessful introduction of the Ag dopant into the TiO2 lattice. The UV-Vis and pho-
toluminescence (PL) spectroscopic analyses revealed restrained electron hole-pair
recombination and reduced energy bandgap inAg-TiO2.Ag-TiO2 showed better pho-
tocatalytic efficiency than TiO2, in line with the observed optical properties. Optimal
conditions of 3% dopant loading, initial pH of 4 and catalyst loading of 1 g/L were
determined for the degradation process. Formation of colored intermediates resulted
in higher analytical values for residual phenol obtained from UV-Vis as compared to
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those obtained from HPLC analyses. For high affirmation of the reproducibility of
photodegradation results, UV-Vis spectrophotometry should, therefore, be employed
alongside other analytical techniques.

Keywords Bandgap · Comparative analysis · Intermediates · Silver doping ·
Titanium dioxide · UV-photodegradation

8.1 Introduction

Phenol and its derivatives are some of the most encountered organic pollutants in
industrial wastewaters generated from paint, pesticide, coal conversion, polymeric
resin, petrochemical and pharmaceutical industries [1]. The phenolic compounds
which can remain in the environment for longer periods given their stability, are
toxic and carcinogenic, hence posing danger to water ecosystem and human health
[2, 3]. Conventional wastewater treatment methods used for phenol removal include
activated carbon adsorption, chemical oxidation, and biological degradation [1, 4,
5]. Due to the cost involved in some of these treatment methods, their inability to
fully mineralize phenol into less harmful products and their inherent shortcomings of
secondary pollution [2, 6], an effective alternative treatment method is highly desired
[7].

Photocatalytic degradation processes have the ability to mineralize organic pol-
lutants into less harmful and low molecular weight (LMW) products, particularly
CO2 and H2O [8, 9], and can, therefore, be an effective alternative for the treat-
ment of recalcitrant compounds including phenols. Titania (TiO2), an effective and
widely used photocatalyst for water treatment, suffers from high energy require-
ment given its wide bandgap and high recombination rate which lowers its overall
quantum efficiency [10–14]. The wide bandgap can only be activated by UV light
which accounts for about 4% of the solar energy [2], thereby hindering the appli-
cation of TiO2 based photocatalytic processes. For photocatalysis to be efficient for
large-scale applications, a visible light responsive photocatalyst with low electron-
hole pair recombination needs to be developed. Doping titania with silver (Ag) can
reduce both the high recombination rate and large energy bandgap. Silver doped
titania (Ag-TiO2) has shown remarkable efficiency during photocatalytic processes
under both solar and UV irradiations [2, 15, 16].

Chromatographic techniques such as gas chromatography (GC) and high perfor-
mance liquid chromatography (HPLC) are commonly used for the determination of
reaction intermediates and residual concentration during the degradation of phenol
[1, 17]. Also, widely used for determination of residual phenol concentration is the
simple, and fast UV-Visible (UV-Vis) spectrophotometric technique [18, 19]. Photo-
catalytic degradation of phenol yields numerous intermediates and by-products that
may cause the phenol solution to develop color. Grabowska et al. [1] reported the
photocatalytic oxidation of phenol to three main reaction intermediates: catechol,
hydroquinone, and p-benzoquinone. These compounds were found to be persistent
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as shown by their quantitative detectability even after three hours of illumination.
When the phenol analyte of interest is accompanied by the stable intermediates
which absorb in the same spectral region as the parent compound, a separation step
or spectral overlap resolution is necessary [20]. Such a separation step is not possible
with the widely used UV-Vis spectrophotometers, hence the need for an analytical
technique with spectrophotometric detection such as HPLC.

Several studies on the photodegradation of phenol by TiO2 based photocatalysts
have been conducted and the concentration of residual phenol determined using UV-
Vis spectrophotometry [2, 21–25]. The sole use of UV-Vis spectrophotometry has
the potential for interference by intermediates and products leading to inconclusive
findings. Moreover, there is very little literature reporting the analysis of phenol pho-
todegradation by both HPLC and UV-Vis spectrophotometry or determination of the
correlation betweenHPLCandUV-Vis analyses. The aimof this study, therefore, was
to photodegrade phenol in the presence of synthesized Ag-TiO2 under UV irradiation
andmonitor phenol reduction using UV-Vis spectrophotometry and HPLC analytical
methods. Of special interest was the study of the analytical characteristics and the
bias error for the UV-Visible method. Effects of initial pH, initial concentration and
catalyst loading on the degradation process were also monitored.

8.2 Methodology

8.2.1 Materials, Equipment and Chemicals

All the chemicals listed herein were used as received without further purification.
Titanium tetraisopropoxide (TTIP, 97%) and methanol used as a precursor source
of titanium and an organic solvent, respectively, were obtained from Sigma Aldrich.
Phenol used for making synthetic wastewater solution and silver nitrate, the source of
the silver dopant, were obtained from ACE Chemicals, South Africa. A photoreactor
with 250 ml capacity was sourced from Puritech, South Africa. The reactor had a
12 W UVC lamp with short wavelength range concentrated at around 254 nm, an
important property for the production of hydroxyl radicals needed for the degradation
of phenolic organic compounds [10].

8.2.2 Catalyst Synthesis

The sol-gel method modified from our previous studies was used to synthesize TiO2

and Ag-TiO2 [10, 26]. In brief, the titanium precursor (TTIP) was dissolved in
methanol and ultra-sonicated to achieve a homogeneous solution. Deionized water
was then introduced dropwise to the titanium solution for hydrolysis purposes. TTIP,
methanol and deionized water were mixed in a molar ratio of 1:1:65 [27]. The result-
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ing titanium sol was heated under reflux at 80 °C for 3 h. Afterwards, the sol was
centrifuged to separate the solvent from TiO2. The obtained wet TiO2 powder was
then dried for 12 h at 80 °Cbefore undergoing calcination at 500 °C for three hours. To
synthesize Ag-doped TiO2, a similar method was used except for dissolving AgNO3

in the deionised water used for hydrolysis. The amount of AgNO3 dissolved in the
water for hydrolysis was dependent on the percentage of Ag content required in the
Ag-TiO2.

8.2.3 Catalyst Characterization

Scanning electron microscopy-energy-dispersive X-ray spectroscopy (SEM-EDX,
FEI Quanta 250 FEG ESEM with integrated Oxford X-Max 20 EDX system) analy-
sis was carried out to determine the particle sizes and distribution, and compositions
of the synthesized TiO2 and Ag-TiO2 photocatalysts. The composition and presence
of functional groups were further investigated using Fourier transform infrared spec-
troscopy (FTIR, PerkinElmer FT-IR/NIR spectrometer). The optical properties of
the photocatalysts were determined from photoluminescence (PL, Jasco spectroflu-
orometer FP-8600) and UV-Vis (T80+ UV/VIS Spectrometer, PG Instruments Ltd.)
spectroscopies.

8.2.4 Photodegradation Experiments and Chemical Analysis

Photocatalytic studies were carried out in the 12 W UVC reactor by monitoring
the reduction in phenol concentration with irradiation time. The catalyst, before
irradiation, was added to 250 ml of phenol solution and stirred for 30 min in the
dark to obtain adsorption-desorption equilibrium. The solution was then transferred
to the photoreactor via a peristaltic pump, to be irradiated, and samples were taken
at predetermined time intervals. Continuous pumping of air was maintained to keep
the catalyst uniformly suspended in the solution and to provide oxygen necessary
for electron scavenging during the degradation process. Samples were filtered using
0.45 µm membrane filters before determining the phenol concentration. For the
effect of operational factors, only the fast UV-Vis analysis method was employed
for the determination of residual phenol concentration, while for comparison of the
analytical techniques, UV-vis and HPLC were employed.
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8.3 Results and Discussion

8.3.1 Catalyst Characterization

The synthesized TiO2 and Ag-TiO2 were characterized by various techniques such
as SEM-EDX, FTIR, UV-Vis, and PL to determine their morphological and optical
properties, elemental composition and the presence of functional groups.

8.3.1.1 SEM-EDX Analysis

The SEM images of TiO2 and Ag-TiO2 (Fig. 8.1) show the successful introduction
of the Ag dopant into TiO2. Both the TiO2 and Ag-TiO2 photocatalysts obtained
are in the nano range signifying the successful synthesis of nano-sized particles.
The elemental composition of TiO2 and Ag-TiO2 was determined by EDX. From
Table 8.1, the only elements found in Ag-TiO2 were Ti, O and Ag, indicating the
successful doping of TiO2 with Ag. It is also shown by the EDX analysis that TiO2

was only composed of Ti and O. The Ag composition by weight in the Ag-TiO2 was
found to be 3.17%. This is in close agreement with the catalyst synthesis conditions
in which 3% Ag composition was required.

Fig. 8.1 SEM images of a TiO2 and b Ag-TiO2

Table 8.1 EDX spectra elemental composition (%) of TiO2 and Ag-TiO2

Spectrum Ti Ag O Total

TiO2 59.85 40.15 100

Ag-TiO2 57.89 3.17 38.94 100
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Fig. 8.2 FTIR spectra of
Ag-TiO2 and TiO2
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8.3.1.2 FTIR Results

The elemental composition and presence of functional groups were further ana-
lyzed by FTIR spectroscopy. The FTIR spectra of TiO2 and Ag-TiO2 (Fig. 8.2) were
obtained in the range of 600–4000 cm−1. The peaks at 3400 and 1650 cm−1 for
the undoped TiO2 could be due to OH stretching and water bending, respectively
[10]. TheH–O–H bonds could have resulted frommoisture adsorption during sample
preparation. The band at around 1400 cm−1 is attributable to the vibration mode of
the Ti–O bond [28], confirming that TiO2 was formed. Compared to the spectrum
of TiO2, the peaks are significantly broadened when Ag was introduced. The peaks
around 1090 cm−1 in the Ag-TiO2 could be ascribed to the new substance formed by
the decomposition of AgNO3, confirming the presence of Ag ions in Ag-TiO2 [16].

8.3.1.3 UV-Vis and PL Analyses

The visible light-responsiveness of a photocatalyst and its electron-hole pair recom-
bination rate can be determined by both UV-Vis and PL spectroscopies, respectively
[10, 11, 26]. UV-Vis can be used to sight the interactions between photon energies
and a photocatalyst [26]. Change in energy bandgap due to doping is depicted by the
UV-Vis absorption spectrum. Figure 8.3 shows the absorbance spectra of TiO2 and
Ag-TiO2. It is observed from the spectra that a significant red shift resulted from the
introduction of the Ag dopant. The shift which can be related to the energy require-
ments of the two catalysts shows that Ag-TiO2 needed less energy to be excited as
compared to TiO2 [29, 30]. The direct bandgaps (Eg) of Ag-TiO2 and TiO2 were
calculated as:

Eg = 1240/λ (8.1)

where λ is the wavelength of the exciting light [29]. The obtained bandgaps
(Table 8.2) show a reduction in the energy bandgap of Ag-TiO2 as compared to
TiO2.
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Fig. 8.3 UV-Vis absorption
spectra of Ag-TiO2 and TiO2
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Table 8.2 Calculated
bandgaps of Ag-TiO2 and
TiO2

Catalyst Wavelength (nm) Bandgap (eV)

Ag-TiO2 370 3.4

TiO2 320 3.9

The separation efficiency of photogenerated species plays an important role in
photocatalysis, as a high recombination rate results in low quantum efficiency while
a low recombination rate results in high quantum efficiency [31]. Photolumines-
cence, which is caused by the emission of photons resulting from electron-hole pair
recombination, can be used to investigate the efficiency of charge carrier trapping,
migration, and transfer [32]. High and low recombination rates will result in high
and low PL intensities, respectively. To obtain the PL spectra, equal amounts of TiO2

and Ag-TiO2 were uniformly dispersed in equal amounts of methanol before carry-
ing out the PL measurements at an excitation wavelength of 425 nm. From the PL
spectra shown in Fig. 8.4, Ag-doped TiO2 had a reduced intensity as compared to
the undoped TiO2. The low intensity signifying the desirable reduced recombination
rate is attributable to the introduction of the Ag dopant.

Fig. 8.4 PL spectra of
Ag-TiO2 and TiO2
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Fig. 8.5 Percentage removal
of phenol (25 ppm) after
50 min of irradiation in the
presence of undoped TiO2
and Ag-TiO2 doped at
various Ag content by
weight at pH 4 with 1 g/L
catalyst loading
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8.3.2 Photodegradation Studies

Photodegradation experimentswere carried out to investigate the effect ofAg content,
initial pH and concentration, and catalyst loading on the activity of Ag-TiO2 for
phenol removal.

8.3.2.1 Effect of Ag Weight Percentage Content

It is observed from Fig. 8.5 that phenol removal increased with increasing Ag content
in the doped catalyst up to an optimum value of 3%. Above the optimumAg content,
phenol removal started to decline. A higher Ag content is undesirable due to its effect
on photonic efficiency. At an optimum loading, Ag particles introduced into the TiO2

structure act as centers for electron-hole separation. Due to the Fermi level of TiO2

which is higher than that of silver, electron transfer from the conduction band (CB)
of TiO2 to metallic silver particles located at the interface is thermodynamically
favorable. A resultant Schottky barrier at the metal-semiconductor contact region is,
therefore, formed leading to improved charge separation observed with the reduced
PL intensity (see Fig. 8.4), and enhanced photocatalytic activity as observed with the
increased phenol removal [2, 16]. In contrast, above the optimum dopant loading, Ag
particles can act as centers for recombination, hence decreasing the activity of the
Ag-TiO2 by increasing the recombination rate of the much needed photogenerated
species [33].

8.3.2.2 Effect of Initial pH

The effect of initial pHon the removal of phenol (Fig. 8.6)was investigated by varying
the initial pH from 4 to 10. The pH of an aqueous solution influences the surface-
charge properties of the photocatalyst. Moreover, organic species such as phenol
differ in several parameters including hydrophobicity, solubility, and speciation under
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Fig. 8.6 Effect of pH on
photodegradation efficiency
on 25 ppm phenol in the
presence of 3% Ag-TiO2
loaded at 1 g/L after 50 min
of irradiation
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different pH conditions [34]. The acidic pH of 4 resulted in the highest phenol
removal, with the lowest removal observed at pH 10. The Ag-TiO2 photocatalyst,
given its 97% composition by TiO2 with a point of zero charge (pHpzc) of 6.8 [23],
can deprotonate under basic solutions as:

pH > pHpzc TiOH + OH− → TiO− + H2O (8.2)

and protonate under acidic solutions as [34]:

pH > pHpzc TiOH + H+ → TiOH+
2 (8.3)

The surface of Ag-TiO2 is negatively charged under basic conditions (pH > 6.8)
while positively charged under acidic conditions (pH < 6.8) as per Eqs. (8.2) and
(8.3), respectively.Adecrease in initial pHwill, therefore, lead to increased positively
charged photocatalyst surface resulting in more adsorption of phenol, which exists
as negatively charged phenolate compounds at higher pH [23]. The degradation of
phenol is thus enhanced under acidic rather than basic conditions.

8.3.2.3 Effect of Initial Concentration

Change in rate of degradation due to change in concentration was investigated by
varying the initial phenol concentration. The removal was decreased from 88 to
22%, as shown in Fig. 8.7, with increasing the initial phenol concentration from 25
to 75 ppm. Intramolecular competition by the phenolic organic compounds to reach
the surface of Ag-TiO2 is enhanced with increasing initial concentration. This leads
to a higher number of movement of molecules to the active sites of Ag-TiO2 in each
unit time for a fixed catalyst loading. The active sites, therefore, become saturated
by the target phenolic organic compounds, causing an inhibitive effect on further
degradation [35].
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Fig. 8.7 Percentage removal
of phenol at different initial
concentration after 50 min of
irradiation at pH 4
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Table 8.3 Kinetic data of
phenol photodegradation at
various initial concentrations

Initial concentration
(ppm)

kapp (min−1) 1/kapp (min) R2

25 0.0188 53.19 0.9548

50 0.0115 86.96 0.9768

75 0.0084 119.05 0.9637

The initial concentration is one of the factors affecting degradation reaction kinet-
ics. The photocatalytic process can best be described by the Langmuir-Hinshelwood
model, which is normally reduced to pseudo-first-order kinetic model, Eq. (8.4), at
a low initial concentration of substrate [35].

ln
Co

C
= kappt (8.4)

Kinetic data shown in Table 8.3, were obtained from the plots of ln Co
Ct

against t,
for the three different initial concentrations, where kapp is the apparent reaction rate
constant (min−1), Co and Ct are the initial concentration and concentration at time t,
respectively. Just as observed with the reduced phenol removal with increasing initial
concentration, the apparent initial rate constant was also significantly reduced.

8.3.2.4 Effect of Catalyst Loading

Effect of catalyst loading, which plays an important role in photocatalysis, was inves-
tigated by varying the loading from0 to 2.5 g/L.At 0 g/L, only 16%of phenol removal
was achieved due to photolysis (Fig. 8.8). The low removal due to photolysis alone
is an indication of the stability of phenol to UVC irradiation, thereby necessitating
the need for the introduction of a catalyst to speed up the process. On introduc-
ing Ag-TiO2 photocatalyst, phenol removal was increased with increasing catalyst
loading up to an optimum of 1 g/L. Above the optimum loading, the removal was
gradually decreased. The increased amount of catalyst results in an increased num-
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Fig. 8.8 Effect of catalyst
loading on the removal of
25 ppm phenol in the
presence of Ag-TiO2 after
50 min of irradiation at pH 4
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ber of active sites, which in turn increases the number of hydroxyl and superoxide
radicals. In contrast, above the optimum loading, the degradation rate decreased due
to increased turbidity, which is due to scattering and reduced light penetration [10].
Moreover, high catalyst loading may result in catalyst agglomeration, hence limiting
the catalyst surface that is available for photon absorption.

8.3.2.5 Comparison of TiO2 and Ag-TiO2

The effect of Ag doping on Ag-TiO2 photocatalytic activity under UV irradiation
was evaluated. Phenol solutions of same initial concentration at same catalyst load-
ing for both Ag-TiO2 and TiO2 were irradiated with UV light, and the extent of
removal monitored. From Fig. 8.8, it was observed that UV photolysis alone resulted
in 16% phenol removal. The direct photolysis can be attributed to the UVC lamp
used which had a wave range concentrated at around 254 nm with a reported corre-
sponding energy of 472 kJ/mol, which is higher as compared to the bond energies
of C–O (357.7 kJ/mol), C-H (413 kJ/mol) and H–O (462.8 kJ/mol) [36]. Under a
photocatalyzed process (Fig. 8.9), Ag-TiO2 exhibited higher phenol removal than
TiO2. The higher activity could be as a result of the electron trapping Ag particles
doped into TiO2 lattice, enhancing the electron-hole separation as depicted with the

Fig. 8.9 A comparative
study to determine the effect
of Ag doping on the
degradation of phenol
(25 ppm) after 50 min of UV
irradiation
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PL intensity (see Fig. 8.4), and subsequently transferring the trapped electron to the
adsorbed electron accepting O2 [16].

Irradiation byUV light excites valence electrons to the conduction band leading to
the generation of a large number of photogenerated species. After varigated events,
molecular oxygen scavenges the electrons on the catalyst surface, producing reactive
oxygen radicals. The valence holes, on the other hand, are trapped in a similarmanner
as the surface-bound OH• radicals that result from the oxidation of surface-bound
OH or H2O molecules. Charge separation, enhanced by the Ag particles, therefore
plays an important part in the photocatalytic efficiency of the catalyst under UV
irradiation [15]. From the UV-Vis absorbance spectra of TiO2 and Ag-TiO2 (see
Fig. 8.3), the introduction of the Ag dopant shifted the absorption into the visible
region. A similar observation of higher removal was made by Shet and Vidya [2]. A
contrary observation made by Khanna and Shetty [37] in the photodegradation of an
azo dye using Ag-TiO2 nanoparticles, indicates that the photocatalytic efficiency is
also dependent on the organic substrate.

8.3.3 Comparison Between UV-Vis and HPLC Analysis

Phenol degradation under UV irradiation on TiO2 leads to the formation of interme-
diate compounds such as hydroquinone, benzoquinone, and ring opening products
[1]. Some of these intermediates like benzoquinone are stable and are also colored,
thereby making the phenol solution to develop color which can sometimes appear
during the initial stages or for the entire degradation period, as was observed in the
experiments. Due to the high rate of degradation observed under UV irradiation, the
brown color was expected to rapidly disappear with increased irradiation time as a
result of breaking down of the colored intermediate compounds formed. However,
this was not the case given the high initial concentration of phenol solution undergo-
ing degradation. UV-Vis and HPLC measurements of the phenol reduction process
(Fig. 8.10) were done to determine the effect of the intermediates on the analytical
methods used. The HPLC chromatograms of the phenol solution at different periods
of irradiation are given in Fig. 8.11.

UV-Vis spectroscopy, a simple and fast techniquewhich gives results that are close
to those obtained from reference methods (Fig. 8.10), is applicable for both qualita-
tive and quantitative analyses. For a fixed wavelength, from the Beer-Lambert law,
Eq. (8.5), a UV-Vis spectrometer can determine the concentration of the absorbing
solution.

A = log10(I0/I ) = ε.c.L (8.5)

where A is the absorbance, I0 and I are the intensities of the incident and transmitted
lights, respectively, c is the concentration of the absorbing solution, L is the path
length, and ε is the molar absorptivity of the solution. UV-Vis spectrometry, which
depends on light, gave higher values as compared to the HPLC, which uses retention
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time and therefore can detect both the parent compound and intermediates, and anal-
yse them qualitatively and quantitatively [36]. From Fig. 8.11, the phenol solution
at 0 min had only one peak, but on continued irradiation, several other peaks rep-
resenting the intermediates were observed. The higher values observed for UV-Vis
(Fig. 8.10) are attributable to the formation of coloured intermediates with maximum
absorption similar or close to that of the parent phenolic compounds.
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8.4 Conclusion

The introduction of Ag dopant into the TiO2 lattice reduced both the bandgap and the
recombination rate of photogenerated species of the resultant Ag-TiO2. The reduced
bandgap resulted from a red shift which extended the absorption range of the Ag-
TiO2 catalyst into the visible region. The Ag-doped titania catalyst had an improved
efficiency under UV irradiation as compared to pure titania. Due to the formation
of intermediate compounds during phenol degradation, UV-Vis spectrophotometric
analysis alone was found to be inefficient for monitoring the degradation process.
The degradation of phenol is, therefore, best monitored by UV-Vis alongside other
analytical methods such as HPLC.

Acknowledgements Financial support from the Water Research Commission (WRC, Project no.
K5/2773/3), South Africa, is acknowledged.

References
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Chapter 9
A Chemotaxonomic Study of 11 Species
of the Genus Psiadia Endemic to La
Reunion by 1H NMR and GC-MS Based
Metabolomic Approach

Keshika Mahadeo, Isabelle Grondin, Hippolyte Kodja, Hermann Thomas,
Patricia Clerc, Michel Frederich and Anne Gauvin-Bialecki

Abstract The genus Psiadia Jacq. Ex. Willd. belongs to the Asteraceae family and
includes more than 60 species, which are well represented in Madagascar and the
Mascarene islands (La Réunion, Mauritius and Rodrigues). Several Psiadia species
are used traditionally to treat various ailments such as expectorant for treatment of
bronchitis and asthma, colds and abdominal pains. According to the literature, only
a few species have been studied for their chemical composition. In order to make a
comprehensive study of the genus Psiadia in the Mascarene islands, a chemotaxo-
nomic study was conducted on 11 species endemic to La Réunion. The aim was to
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identify chemical markers by a metabolomic approach using GC-MS and GC-FID
for volatile compounds and 1H NMR for non-volatile compounds. The 11 studied
species were collected from different locations and seasons in order to analyze the
geographical or seasonal variability of the chemical profile of each species. This
study led to two different classifications of the 11 species in terms of composition of
volatile and non-volatile compounds.

Keywords Psiadia · Chemotaxonomy · GC-MS · GC-FID · Volatile compounds

9.1 Introduction

The genus Psiadia Jacq. Ex. Willd. (Asteraceae) includes more than 60 species
mainly found in Madagascar (28 species) and the Mascarene Islands (La Réunion,
Mauritius and Rodrigues, 26 species) [1]. Despite their uses in the traditional phar-
macopoeia, only a small number of studies have been conducted on Psiadia species.
Amongst all Psiadia species only a few species have been investigated for their phy-
tochemical composition and pharmacological activities [2]. Sixteen species of the
genus Psiadia are found in La Réunion and they occupy a diverse range of habitats
from sea level up to 3000 m. According to the literature, a taxonomic study has
been conducted on Psiadia species from La Réunion by Jacob de Cordemoy in 1895
and four groups of species have been defined based on morphological characteris-
tics [3]. In 1993, A. J. Scott modified this classification and distinguished five main
groupings of species within the Mascarene Islands, Madagascar and Sri Lanka [1].
In 2012, Strijk et al. [4] focused on the evolutionary and biogeographical history
of this genus based on molecular phylogenetic. In this study, two clades containing
Psiadia species were recognised. Those studies have defined two different groupings
of species based on morphological and genetic aspects. In 2005, Gauvin and Smadja
[5] attempted a first chemotaxonomic study on four Psiadia species (P. anchusifolia,
P. argentea, P. boivinii and P. salaziana) from La Réunion based on their essential
oil composition. In order to complete their study and to allow the comparison with
the classifications reported previously, here we provide a chemotaxonomic study
on 11 Psiadia species from La Réunion. To achieve this goal, the volatile and non-
volatile composition of all studied specieswas investigated. The aimswere to classify
these species according to their composition and identify chemical markers. Thus, a
metabolomic approach using GC-MS and GC-FID for the volatile compounds and
1H NMR for the non-volatile compounds was carried out. The data obtained using
these techniques were investigated using various chemometric tools.
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9.2 Materials and Methods

9.2.1 Plant Material

Psiadia species leaves were collected in La Réunion Island in 2015 in several loca-
tions. Besides, each species was also collected in summer and winter to analyse
the seasonal variability. A voucher specimen was deposited at the Herbarium of the
University of Reunion Island for identification. The locations of collect and voucher
numbers of all species are reported in Table 9.1 and Fig. 9.1.

9.2.2 GC Analysis

Hydrodistillation. Fresh leaves of each Psiadia species were subjected to hydrodis-
tillation for 3 h using a modified Clevenger-type apparatus. The collected oils were
taken up in dichloromethane (>99.5%, Carlo-Erba), dried over anhydrous sodium
sulfate and stored in amber glass vials at 4 °C.

GC-MS and GC-FID. The GC-MS analyses were performed using a Hewlett
Packard 6890-5973 instrument coupled with an HP 6890 mass selective detector.
The data were obtained on a non-polar SPB-5 capillary column (60 m × 0.32 mm
i.d.; film thickness: 0.25 μm). Operation conditions were: carrier gas He, flow of
0.7 mL/min, oven temperature program 60 °C rising at 4 °C/min to 250 °C and
maintained at 250 °C for 50 min, sample injection port temperature 250 °C, detector
temperature 250 °C, ionization mode EI, ionization voltage 70 eV, scanning over
m/z 20–400 amu range, split ratio 1/50. The retention indices were calculated for
all components using the Kovats method and n-alkanes as standards. A mixture of
n-alkanes (C8–C22) was prepared from the pure chemicals at a 5% concentration
in pentane. The components were identified on the basis of their retention indices
and their mass spectral fragmentation pattern compared with those reported in the
literature [6] and on MS libraries (Wiley 7 and NIST 02). The quantification of all
components was performed using a Varian CP-3800 gas chromatograph coupled
with a flame ionization detector and mounted with the same capillary column. The
same temperature program was used for GC-FID. The qualitative and quantitative
compositions of all essential oils were reported in a matrix for the multivariate data
analysis. This matrix size consisted of 65 variables and was composed of compounds
whose quantification were more than 5%.

9.2.3 NMR Analysis

Sample preparation. Freeze-dried leaves of each species were powdered and 50.0mg
were transferred to a 2 mL Eppendorf tube. A volume of 1.5 mL of a solution (1:1)
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Table 9.1 Area of collects and voucher number of each Psiadia species

Psiadia
species

Area of
collect

Voucher
number
(summer)

Voucher
number
(winter)

GPS point Altitude (m)

P.
amygdalina

Salazie REU13109 REU13488 21°S 4′
19.9′′/55°E
26′ 51.5′′

2030

Maïdo REU13115 REU13494 21°S 4′
49′′/55°E 21′
32.4′′

1750

Volcan REU13130 REU13502 21°S 12′
27.9′′/55°E
36′ 59.7′′

2080

P.
anchusifolia

Salazie REU13111 REU13489 21°S 4′
19.9′′/55°E
26′ 51.5′′

2030

Maïdo REU13117 REU13495 21°S 3′
48.8′′/55°E
21′ 56.9′′

1750

Volcan REU13130 REU13503 21°S 12′
43.9′′/55°E
36′ 49.0′′

2050

Roche-Ecrite REU13131 REU13512 21°S 00′
12.4′′/55°E
27′ 40.4′′

2050

P. argentea Salazie REU13112 REU13493 21°S 4′
15.7′′/55°E
26′ 52.9′′

2015

Volcan REU13143 REU13504 21°S 12′
25.8′′/55°E
38′ 33.5′′

2330

Roche-Ecrite REU13135 REU13513 21°S 00′
12.9′′/55°E
27′ 40.0′′

2050

P. boivinii Salazie REU13113 REU13492 21°S 03′
37.5′′/55°E
27′ 9.4′′

1828

Maïdo REU13116 REU13496 21°S 2′
19.1′′/55°E
21′ 15.9′′

1350

Volcan REU13142 REU13505 21°S 09′
56.5′′/55°E
35′ 25.1′′

1610

Roche-Ecrite REU13133 REU13510 20°S 58′
04.2′′/55°E
26′ 24.7′′

1500

(continued)
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Table 9.1 (continued)

Psiadia
species

Area of
collect

Voucher
number
(summer)

Voucher
number
(winter)

GPS point Altitude (m)

P.
callocephala

Volcan REU13140 REU13506 21°S 13′
48.7′′/55°E
39′ 03.6′′

2330

P. dentata Maïdo REU13119 REU13497 21°S 1′
14.1′′/55°E
21′ 55.6′′

1375

Colorado REU13139 REU13501 20°S 54′
57.7′′/55°E
25′ 00.0′′

750

Dos d’Ane REU13128 REU13480 20°S 58′
32.8′′/55°E
23′ 21.5′′

1320

Montauban REU13487 REU13500 20°S 56′
57.6′′/55°E
29′ 38.3′′

580

P. insignis Maïdo REU13484 REU13499 21°S 4′
49′′/55°E 21′
32.4′′

1720

Volcan REU13483 REU13507 21°S 11′
53.1′′/55°E
36′ 9.6′′

1805

Dos d’Ane REU13125 REU13481 20°S 58′
31.6′′/55°E
23′ 23′′

1179

P. laurifolia Salazie REU13114 REU13491 21°S 3′
19.6′′/55°E
27′ 17.3′′

1660

Maïdo REU13118 REU13498 21°S 1′
16′′/55°E 21′
52.5′′

1350

Volcan REU13141 REU13508 21°S 11′
53.1′′/55°E
36′ 9.6′′

1805

Roche-Ecrite REU13132 REU13511 20°S 58′
03′′/55°E 26′
24′′

1475

P. melastom-
atoides

Salazie REU13110 REU13490 21°S 4′
19.9′′/55°E
26′ 51.5′′

2030

Roche-Ecrite REU13134 REU13509 21°S 00′
12.9′′/55°E
27′ 40.0′′

2052

(continued)
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Table 9.1 (continued)

Psiadia
species

Area of
collect

Voucher
number
(summer)

Voucher
number
(winter)

GPS point Altitude (m)

P. montana Dos d’Ane REU13127 REU13479 20°S 59′
32.3′′/55°E
23′ 19.7′′

1243

P. retusa Cap Jaune REU13129 REU13477 21°S 22′
56.7′′/55°E
39′ 50.6′′

32

Cap Méchant REU13486 REU13476 21°S 22′
28.7′′/55°E
42′ 41.5′′

0

Piton Grande
Anse

REU13485 REU13478 21°S 22′
15.9′′/55°E
33′ 14.8′′

65

Volcan

Colorado

Montauban

Roche-Ecrite

Salazie

Dos d’Ane

Maïdo

Piton Grande Anse
Cap Jaune Cap Méchant

Fig. 9.1 Area of collects of Psiadia species in La Réunion Island
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of KH2PO4 buffer (pH 6.0) in D2O containing 0.05% trimethylsilylpropionic acid
sodium salt-d4 (TMSP, w/w) andmethanol-d4 (Eurisotop) was added to each sample.
The mixture was vortexed at room temperature for 1 min, ultrasonicated for 20 min
and centrifuged at 13,000 rpm for 10 min. An aliquot of 0.6 mL was transferred in
5 mm-NMR tubes for NMR analysis.

1H NMR analysis. 1H NMR spectra were recorded at 25 °C on a 600 MHz
Bruker Ultrashield Avance spectrometer operating at a proton NMR frequency of
600.18 MHz. MeOH-d4 was used as the internal lock. Each 1H-NMR spectrum con-
sisting of 256 scans was recorded with the following parameters: pulse width (PW)
= 30° and relaxation delay (RD) = 1.0 s. A presaturation sequence was used to sup-
press the H2O signal. Free induction decays (FIDs) were Fourier-transformed with
LB = 0.3 Hz. The resulting spectra were manually phased, baseline-corrected and
calibrated to TMS at 0.0 ppm using MestReNova 10.0 (Mestrelab Research S.L.).
Spectral intensities were scaled to total intensity and reduced to integrated regions
of equal width (0.04 ppm) corresponding to the region of δ 0.32–10.02 ppm. The
regions of δ 3.25–3.34 and δ 4.78–4.86 ppmwere excluded from the analysis because
of the residual signals of H2O and CH3OH, respectively. The 1H NMR matrix size
consisted of 239 variables.

9.2.4 Multivariate Data Analysis

The SIMCA-P software version 12.0 (Umetrics, Umea, Sweden) was used for Prin-
cipal Component Analysis (PCA), Orthogonal Partial Least Square Discriminant
Analysis (OPLS-DA) and Hierarchical Clustering Analysis (HCA). HCA was per-
formed using Euclidean distances and Ward’s aggregation method. The scaling was
based on Pareto method for the NMR dataset and a unit variance scaling was applied
on the GC dataset. R2X, R2Y and Q2 values described the quality of the model. R2X
indicated goodness of fit for PCA and R2Y for OPLS-DA and they are defined as
the proportion of the variance in the data observed in the model. Q2 is defined as the
proportion of variance in the data that was predictable by the model.

9.3 Results and Discussion

9.3.1 The Volatile Compounds Analysis

Data obtained byGC-MS andGC-FID consisted of a 62× 65 data matrix, which was
subjected to a supervised multivariate analysis. Among these 65 variables, only 6
remained unknown. OPLS-DAwas performed with unit variance scaling. The model
set of 10 principal components was highly significant (R2Y(cum) = 83.8% and
Q2(cum)= 68.6%). Based on these results, a HCA dendrogramwas built (Fig. 9.2a).
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Fig. 9.2 HCA (a), score plot (b) and loading plot (c) of OPLS-DA results obtained from GC-MS
and GC-FID data of Psiadia species essential oils

Five groups have been defined according to the OPLS-DA and HCA dendrogram
obtained: a first large group containing species P. argentea, P. anchusifolia, P. callo-
cephala,P.melastomatoides,P. dentata andP.montana; a second and third groupwith
respectively P. amygdalina and P. retusa, a fourth group containing P. laurifolia and
P. insignis and the last group comprising P. boivinii. A second OPLS-DA model was
then built to provide deeper insight into the source of variability between these five
groups and to identify chemical markers. Thus, a five component model explaining
95.4% of the variance was obtained and the five groups were well discriminated on
the score plot (Fig. 9.2b). The loadings plot (Fig. 9.2c) analysis revealed compounds
responsible for the groups’ separation; these are listed in Table 9.2. The comparison
of our results to those reported by Gauvin and Smadja [5] allowed confirming the
essential oil composition of P. anchusifolia and P. argentea and their belonging to
the same group. Indeed, Gauvin and Smadja [5] have defined one group containing
species P. anchusifolia, P. argentea, P. boivinii and P. salaziana based on their essen-
tial oil composition. In contrast, P. boivinii belongs to another group in the present
study. The analysis of the essential oil composition has shown differences particu-
larly in terms of compounds anchusifolate and anchusifolol, which are completely
absent in our results. These differences between both essential oil compositions can
be explained by the influence of biotic and abiotic factors. However, the classification
obtained has been able to enlarge the group obtained by Gauvin and Smadja [5] to
species P. callocephala, P. dentata, P. melastomatoides and P. montana.



9 A Chemotaxonomic Study of 11 Species of the Genus Psiadia … 147

Table 9.2 Chemical markers in essential oil composition of Psiadia species from La Réunion

Classification Species Chemical markers

Group 1 P. anchusifolia
P. argentea
P. callocephala
P. dentata
P. melastomatoides
P. montana

Anchusifolate (oxygenated
monoterpene)
Anchusifolol (oxygenated
sesquiterpene)
Cyperene (sesquiterpene
hydrocarbon)
δ-Selinene (sesquiterpene
hydrocarbon)

Group 2 P. amygdalina Isomers 1, 2 and 3 of
10-hydroxymatricariate (polyynes)
(2E, 6E)-deca-2,6-dien-4-yn-1-yle
acetate (polyyne)

Group 3 P. retusa ortho-Cymene (monoterpene
hydrocarbon)
Anisole (oxygenated monoterpene)
Thymol methyl ether (oxygenated
monoterpene)
Himachalol (oxygenated
sesquiterpene)

Group 4 P. insignis
P. laurifolia

7-epi-Silphiperfol-5-ene
(sesquiterpene hydrocarbon)
epi-Presilphiperfolan-1-ol
(oxygenated sesquiterpene)
Elemol (oxygenated sesquiterpene)
β-Eudesmol (oxygenated
sesquiterpene)
Unknown compound

Group 5 P. boivinii (2E)-Hexenol (alcohol)
epi-α-Muurolol (oxygenated
sesquiterpene)
α-Cadinol (oxygenated sesquiterpene)
Eudesma-4,(15),7-dien-1-β-ol
(oxygenated sesquiterpene)
Selin-11-en-4-α-ol (oxygenated
sesquiterpene)

Anchusifolol 6,6,8,9-tetramethyltricyclo[3.3.3.0]undec-2-en-1-ol
Anchusifolate 7,7-dimethyl-2-methylidenebicyclo[3.1.1]heptan-6-ol acetate

9.3.2 The Non-volatile Compounds Analysis

The 1H NMR data matrix consisted of 189 samples and 239 variables. PCA were
performed with Pareto scaling for each species and the results showed a differenti-
ation according to the geographic origin for P. dentata and P. melastomatoides. In
addition, samples of P. amygdalina, P. argentea and P. retusa were also separated
according to seasonal variation (Fig. 9.3). The other species have not displayed any
specific clustering based on these two factors.
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Fig. 9.3 PCA score plot generated from 1H NMR spectra (600 MHz) of P. dentata, P. melastom-
atoides, P. amygdalina, P. argentea and P. retusa samples

In order to analyse the chemical variation between the 11 studied species and
to differentiate them according to their metabolomic fingerprint, an OPLS-DA and
a HCA dendrogram were generated. Three groups of species have been defined
on the HCA dendrogram (Fig. 9.4a). The first group is a large one containing P.
argentea, P. callocephala, P. insignis, P. montana, P. melastomatoides and P. retusa.
The second group comprised P. boivinii and P. anchusifolia and the third one is
composed of P. dentata, P. amygdalina and P. laurifolia. Chemical markers of these
groups were investigated bymeans of a newOPLS-DA applied on all species spectral
data (Fig. 9.4b). The discriminating chemical shifts are listed in Fig. 9.4c.

The discrimination of group 1 was based on chemical shifts located between δH
3.20 and 4.28 ppm. However, the multiplicity of all signals could not be determined
due to overlapping with others. Thus, chemical markers of this group have not been
identified. The other groups are characterised by a wide range of chemical shifts.
Those located between δH 6.30 and 7.70 ppm might be attributed to phenolic com-
pounds. The latter appeared to be different in both groups due to varied signals.
Indeed, signals at 6.71 (d, J = 1.9 Hz), 6.75 (s), 6.79 (s) and 7.51 (d, J = 15.9 Hz)
ppm in group 2 can be related to cinnamic acids derivatives [7] and signals at 6.36
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Chemical shifts (δH in ppm)

GROUP 1 GROUP 2 GROUP 3
3.20 0.93 3.60 2.00 6.39
3.36 1.25 3.64 2.04 6.51
3.72 1.29 5.04 2.08 7.03
3.76 1.33 6.71 2.12 7.07
3.80 1.60 6.75 2.20 7.63
3.84 2.92 6.79 4.20 7.67
3.88 2.96 7.51 5.48
4.28 3.12 7.55 6.31

Fig. 9.4 HCA (a) and score plot (b) of OPLS-DA results obtained from 1H NMR spectral data
(600 MHz) of Psiadia species, (c) discriminating chemical shifts of Psiadia species

(d, J = 15.9 Hz), 6.47 (d, J = 15.9 Hz) and 7.63 (d, J = 15.9 Hz) ppm in group 3
can be attributed to caffeoyl or feruloyl acid derivatives [8, 9]. To our knowledge,
this is the first report of a chemotaxonomic study of Psiadia species based on the
non-volatile composition.

Two different classifications of Psiadia species have been obtained based on
the volatile and non-volatile compounds composition. This information reflected
the intervention of two different metabolic pathways for their biosynthesis. In the
literature, two other classifications are reported based on morphological aspects [1]
and molecular phylogenetics [4]. The four classifications including only studied
species are represented in Fig. 9.5.

Their analysis showed for all of them five groups of Psiadia species. However,
the composition of the groups is different in each classification except for the one
comprising P. callocephala and P. argentea, which can be found in all classifications.
No correlation was found between the morphological traits, the phylogenetics and
the chemical composition of the studied species. Several authors have investigated
the association of morphological, molecular phylogenetics and chemical diversity
[10–13]. For example, Liu et al. [14] have found a correlation between morphologi-
cal aspects and the genetic variability of Heptacodium miconioides Rehd. (Caprofil-
iaceae). In contrast, no correlation was found between agromorphological diversity
and molecular diversity for Carthamus tinctorius L. (Asteraceae) [4]. Moreover,
no correlation was observed between scent compounds and genetic variability for
Ophrys species [13]. According to Persson and Gustavsson [15], the lack of cor-
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Fig. 9.5 Classifications of eleven Psiadia species from La Réunion

relation could be explained by the absence of relationship between the molecular
markers and the morphological traits or the chemical composition. Another reason
for this explanation might be a different regulation of genes according to species.
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9.4 Conclusion

In this study, the essential oil profile and the non-volatile composition of eleven
Psiadia species from La Réunion were analysed. The classification obtained for the
volatile compounds separated all studied species in five groups whereas the non-
volatile ones in three groups. Two distinct classifications were obtained. Based on
the data presented here and in the literature, it could be concluded that no correlation
was found between the morphological traits, the genetic aspect and the chemical
composition of Psiadia species. However, both classifications obtained in this study
are helpful for research of species containing bioactive compounds. In order to make
a comprehensive chemotaxonomic study on the genusPsiadia it would be interesting
to include species from Mauritius and Madagascar.
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Chapter 10
Trace Metals Charaterisation of Soils
in the Vicinity of a Major Active
Dumpsite in Lagos: An Integrative
Multivariate Indices Approach

Adeyi Adebola, Majolagbe Abdulrafiu and Osibanjo Oladele

Abstract The use of non-sanitary landfill facilities in refuse disposal process put
much burden on the soils around the dumpsite, thereby portending health risk to man
(soil-plant-man). However, the paucity of data on quality of soils around dumpsite
necessitates this study using multivariate indices approach to assess the quality sta-
tus of soils in and around dumpsite area. Forty (40) top and subsoil samples were
collected around Olusosun dumpsite in Lagos, and analysed for heavy metals and
organic carbon using standard methods. The pH and particle size distribution of
the soils were also investigated. The data obtained were analysed using descriptive
statistics, correlation coefficient and multivariate indices: enrichment factor (EF),
contamination factor (CF), geo accumulation index (Igeo) and pollution load index
(PLI). The order of Igeo of metal pollution was Zn > Cd > Ni > Fe > Cu > Pb. The CF
revealed low index for Pb, considerable index for Ni and very high index for Fe, Cu,
Zn and Cd. The PLI confirmed deterioration of the soil in and around the dumpsite.
Measures are urgently necessary to mitigate further accumulation of heavy metals
which should include upgrading existing dumpsites to landfill and employing global
refuse disposal standards of 3-Rs (Reduce-Recycle-Reuse).
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10.1 Introduction

Dumpsite activities are known to be a major source of heavy trace metals pol-
lution in an environment. The waste disposal process in Nigeria raises so many
questions because of the low standard practice being employed. Non availability of
sanitary landfill system makes the environment not isolated from the leachate gener-
ated from waste, hence, putting heavy environmental burden on the soil. The waste
disposal activities, therefore, have deleterious impact on all components of environ-
ment including surface water, groundwater, air and soils. Soils have been described
as reservoir of water and nutrients of terrestrial ecosystems and irreplaceable source
of food production [1]. Topsoil (0–15 cm depth) is worst affected, i.e. most loaded
with pollutants due to its proximity to refuse dumped and unfortunately it is the root
zone of most of the vegetables and cereals regularly consumed. Hence, it has health
consequence on man (soil–plant–man). The increase in level of industrialization and
urbanization in an area affects the volume and nature of the wastes generated as
well as the type of pollutants released into the environment. The chemical pollu-
tants released into the environment range from organics, inorganics, heavy metals,
carcinogenic to toxic, etc.

Trace and heavymetal pollution in the environment have been receiving extensive
attention [2–6]. The attention becomes worrisome, considering the non-degrading
nature of metals in the environment as well as the facts that various health situations
have been linked to heavy metals. Some heavy metals including Cu, Zn, Co, Ca,
Fe, and Mg contribute to functionality of metabolic processes in human systems
while some elements such as Pb, Cd and Hg are toxic to living cells even at low
concentrations [7]. Heavy metals accumulation in an environment have also been
implicated in making land not suitable for agricultural production, thereby causing
food insecurity and land tenure problems [8].

Though studies on several sources of heavy metals accumulation in soils are well
documented, the paucity of data on heavymetals in soils in the vicinities of dumpsites
is conspicuous. Therefore, this study aims at assessing the concentration of heavy
metals in soils around a major dumpsite in Lagos thereby revealing the quality status
of the soil.

10.2 Materials and Methods

10.2.1 Olusosun Refuse Dumpsite

The Olusosun refuse dumpsite is located within the longitude 3° 37′E and latitude
6° 59′Nto6° 60′NinOjota,KosofeLocalGovernmentArea ofLagos state (Fig. 10.1).
It is the largest dumpsite facility in Nigeria and West Africa established in the year
1992 with a life span of 30 years. It occupies 45 hectars and is about 18 m deep. It is
surrounded by Oregun industrial layout, Olusosun compound, Shangisa residential
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area and commercial neighborhoods. It is owned and operated by the Lagos State
Waste Management Authority (LAWMA) and receives about 485 daily truck trips
amounting to 2650 tons of waste per day i.e. about 66% of the waste generated in
the metropolis [9]. It receives an average of 1.9 million tons of wastes annually, and
is currently serving as a pilot project for biogas production in Nigeria.

10.2.2 Soil Samples Collection

Representative soil samples were collected randomly between 0–15 cm (topsoil) and
15–30 cm (subsoil) from twenty (20) different locations around the dumpsite using
a stainless soil auger. At each location, a composite sample was made from the pool
of random soils collected, stored in clean polyethylene bags, labeled and transported
to the laboratory for analyses. A representative sample was also collected from Palm
Grove Estate, Onipanu, Lagos, about six (6) km from Olusosun dumpsite as control
sample.

10.2.3 Chemical Analyses

The pH of top and subsoil, soil particle size distribution, heavy metal load and total
organic carbon were investigated, employing standard procedures.

10.2.3.1 Soil Sample Preparation and Treatment

The soil samples were air dried and pulverized using pre-cleaned mill (mortar and
pestle), sieved through 2 mm aperture. The mill was further cleaned after each soil
to avoid cross contamination.

10.2.3.2 pH Determination

About 20.0 g each of the soil samples were weighed into a clean beaker; 20 mL
deionized water was added and the mixture was allowed to stand for 30 min with
occasional stirring using a glass rod. The pH was then measured using a pH meter
(pHep HANNA HI 98107) already calibrated with buffer solutions of pH 7 and 9.

10.2.3.3 Soils Particle Size Distribution by Hydrometer Method

50.0 g of sieved soil sampleswereweighed into a conical flask, 50mLof 5.0%sodium
hexametaphosphate (dispersing agent) was added along with 60mL deionized water.
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It was stirred with a stirring rod and left to settle for 30 min. The soil suspension was
stirred for 15 min with the aid of a shaker, after which the suspension was transferred
into a 1000 mL measuring glass cylinder. The hydrometer was introduced into the
suspension and distilled water was added to the lower blue line until the volume
was about 1130 mL The top of the measuring cylinder was covered with hand (with
gloves) and inverted six (6) times until the soil was in the suspension. The measuring
cylinder was made to stand and time was noted. The hydrometer was placed back
into the suspension until it was floating. The first reading of the hydrometer was
taken 40 s after the hydrometer settled down asH1 and temperature taken as T1. The
second reading of hydrometer was taken 3 h after the hydrometer settled down asH2
and temperature taken as T2. A value of 2.0 was subtracted from every hydrometer
reading to compensate for the addition of dispersing agent.

Calculation

a. % SAND = 100.0 − (H1 + T1 − 2.0) 2
b. % CLAY = (H2 + T2 − 2.0) 2
c. % SILT = 100.0 − (% SAND + % CLAY)

where: hydrometer reading at 40 s = H1, temperature at 40 s = T1, hydrometer
reading at 3 h = H2 and temperature at 3 h = T2.

10.2.3.4 Heavy Metal Determination by Spectrophotometric Method

About 2.0 g each of the sieved soil samples were weighed into a 250 mL beaker
and moistened with drops of deionized water to prevent loss by spattering during
digestion. The sample was digested with 10 mL of concentrated HNO3 on a hot plate
in a fume cupboard until the volume was about 3 mL. The residues obtained were
further digested with a mixture of concentrated acids containing 5 mL each of HCl,
HNO3 and HClO4 at room temperature for 10 min until the solution was brought to
a final volume of about 5 mL on a hot plate in the fume cupboard. The digest was
cooled and filtered into a 100 mL volumetric flask using Whatman No. 1 filter paper
and made up to mark with the deionized water. The digest was analysed using model
210 VGP flame atomic absorption spectrophotometer. A standard addition technique
was introduced to compensate for the usual variation caused by interferences in the
sample solution. Standard solution of each pure metal was prepared in 10% of 5 M
HNO3. The blank samples were similarly analysed. Each analysis was duplicated,
so as to ascertain the validity of the method. The control samples were also treated
as field samples.
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10.2.3.5 Total Organic Carbon Determination (Walkley-Black
Chromic Acid Oxidation Method)

2.0 g of sieved soil sample was accurately weighed into a 250 mL conical flask.
10 mL of 1 M K2Cr2O7 was added and swirled, followed by 20 mL of concentrated
H2SO4. The conical flask was swirled continuously on a hot plate until the reagents
were properly mixed and reached 135 °C, after which it was set aside to cool for
about 30 min. The solution was transferred into a 250 mL standard flask and made
up with double distilled water. The solution was then titrated against 0.4 N ferrous
sulphate using ferroin indicator. The colour initially changed from greenish to dark
green, but with additional two drops of ferroin, the colour changed from blue green
to reddish grey which is the end point of titration.

Calculation

From the equation: 2Cr2O
2−
7 + 3C + 16H+ → 4Cr3+ + 8H2O + 3CO2 ↑

Organic Carbon (%) = 0.003 g × N × 10mL × (1 − T/S) × 100

W

where: N = normality of K2Cr2O7 solution, T = volume of FeSO4 used in sample
titration (mL), S = volume of FeSO4 used in blank titration (mL) and W = weight
of the sieved soil (g).

10.2.4 Data Analysis

The data generated from soil chemical analyseswere analysed usingGraphPadPrism
(version 5.00). For all metal concentrations, descriptive analysis was also carried out.
Correlations were performed in a pairwise fashion employing Pearson correlation
procedure. Various multivariate statistical indices were also applied to assess poten-
tial ecological risks. These indices are Enrichment Factor (EF), Contamination Factor
(CF), Geo accumulation Index (Igeo) and Pollution Load Index (PLI).

10.2.4.1 Enrichment Factor (EF)

The EF of heavy metals in the soil can be calculated through the mathematical
relationship:

EF = [Cmetal/Cnormalizer]sample

[Cmetal/Cnormalizer]control
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where Cmetal and Cnormalizer are the concentrations of heavy metals and normalizer in
soil samples and unpolluted control. Sutherland and Tolosa [10] listed five categories
of metal contamination: EF < 2 is deficient mineral enrichment; EF 2–5 is moderate
enrichment; EF 5–20 is significant enrichment; EF 20–40 is very high enrichment
and EF > 40 is extremely high enrichment.

10.2.4.2 Contamination Factor (CF)

This expresses the contamination of soil and is calculated as:

CF = Cmetal sample

Cmetal control

where Cmetal sample and Cmetal control is the concentration of the heavy metal in the
study sample and unpolluted control sample respectively. Contamination categories
known are as follows: CF < 1 means low contamination; 1≤CF < 3means moderate
contamination; 3 ≤ CF < 6 means considerable contamination and CF > 6 means
very high contamination.

10.2.4.3 Geoaccumulation Index (Igeo)

The Igeo of heavy metals in the soil can be calculated through the mathematical
relationship:

Igeo = log2
Cmetal sample

1.5 × Cmetal control

where Cmetal sample and Cmetal control is the concentration of the heavymetal in the study
sample and unpolluted control sample respectively. The factor 1.5 is introduced to
minimize the effect of the possible variations in the background or control whichmay
be attributed to lithogenic variations in the soil [11]. The degree of metal pollution
is assessed in terms of seven contaminant categories based on increasing value of
the index as follows: Igeo < 0 means unpolluted; 0 ≤ Igeo < 1 means unpolluted to
moderately polluted; 1 ≤ Igeo < 2 means moderately polluted; 2 ≤ Igeo < 3 means
moderately to strongly polluted; 3 ≤ Igeo < 4 means strongly polluted; 4 ≤ Igeo < 5
means strongly to very strongly polluted and Igeo > 5 means very strongly polluted.

10.2.4.4 Pollution Load Index (PLI)

The PLI helps to evaluate the extent to which a site under investigation is polluted
by metals. It is calculated as follows:
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PLI = (CF1 × CF2 × CF3 × · · ·CFn)1/n

where n is the number of metals studied and CF is the contamination factor. The
degree of site deterioration is categorized into the following: PLI < 1 means perfect
site; PLI = 1 means baseline pollution; PLI > 1 means deterioration.

10.3 Results and Discussion

The results of soil chemical analysis and heavy metal load in both topsoil (0–15 cm)
and subsoil (15–30 cm) from Olusosun dumpsite are presented in Table 10.1, while
the correlation coefficients between various metals in the soil samples around the
dumpsite are presented in Table 10.2. The pH value of soils under investigation range
from 7.12 to 7.37 and from 7.10 to 7.24 for topsoil and subsoil, respectively. The
mobility of metals in the alkaline region is impaired by the pH of the soil and this
possibly accounts for low metal concentration in the surrounding aquifer. The pH
of the soil also influences the activities of microorganisms which thrive best in soil
with pH between 6.0 and 7.5. The acidity level of the soil from the studied site
is lower compared to the control samples. This suggests the possible influence of
organic matter in refuse dumpsites. In Olusosun dumpsite, the pH of the topsoil is

Table 10.1 Descriptive statistics of soil from Olusosun dumpsite

Parameter Depth
(cm)

Minimum
n = 20

Maximum
n = 20

Mean
n = 20

S.D. Control
(Mean)
n = 4

USEPA
[12]

pH 0–15
15–30

7.12
7.10

7.37
7.24

7.20
7.17

0.63
0.80

6.90
6.80

Organic
carbon
%

0–15
15–30

2.21
2.10

2.24
2.18

2.22
2.15

0.79
0.84

1.88
1.60

Ni
(mg/kg)

0–15
15–30

18.7
12.5

87.4
100

37.5
44.8

33.5
40.4

18.4
20.1

75

Cu
(mg/kg)

0–15
15–30

25.6
9.54

45.0
27.4

38.2
22.0

8.1
8.3

0.53
0.18

4300

Cd
(mg/kg)

0–15
15–30

0.24
0.34

4.44
2.80

1.77
1.45

1.9
1.17

0.20
0.21

85

Fe
(mg/kg)

0–15
15–30

12,800
16,500

19,800
21,600

17,900
19,200

1930
2290

3910
2270

Zn
(mg/kg)

0–15
15–30

200
138

285
290

260
239

40.1
68.9

58.9
9.80

7500

Pb
(mg/kg)

0–15
15–30

17.5
2.2

124.9
125.0

53.1
46.3

23.1
26.3

49.63
55.70

420

NB 0–15 cm = Topsoil, 15–30 cm = Subsoil
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Table 10.2 The Pearson correlation coefficient of heavy metals in Olusosun dumpsite soil

Fe Cu Cd Pb Zn Ni

Fe

Cu −0.155

Cd 0.543 0.349

Pb −0.596 −0.271 −0.318

Zn 0.571 0.481 0.577 −0.843

Ni 0.509 0.051 0.820 −0.079 0.473

more alkaline than the subsoil, an observation that is opposite to the trend reported
for another dumpsite in Lagos (Solous dumpsite) i.e., from 7.90 to 8.15 and from
7.90 to 8.33 for topsoil and subsoil, respectively.

The observation was similar to the results reported by Oluyemi et al. [13]. They
proffered the reason to be the presence of substances in the dumpsite such as broken
blocks and other materials that act as source of calcium carbonate (CaCO3) buffer,
and rainfall diluting the soil solution, thus leading to an increase in pH value. At low
pH, metals are more soluble and available to plants. Hence, toxicity problems are
more pronounced in acidic soil [14]. The higher the depth of soil level, the lower
the organic carbon content, which implies that mobility of carbon down the soil was
minimal.

The organic carbon content of the site under investigation was higher compared to
the control site, indicating a lower chemical activity in the control site. The percentage
composition of organic waste on the Olusosun dumpsite (57%) influences the level
of organic carbon content of the soil. Organic matter plays an important role in
soil structure, water retention, and carbon exchange as well as in the formation
of complexes [15]. The mean organic carbon content is lower in the study area:
0–15 cm (2.22%), 15–30 cm (2.15%). This could be attributed to incessant burning
in the dumpsite, leading to oxidation of organic carbon, thereby altering the organic
colloids. The topsoil is the first part of the ecosystem that is exposed to contaminants
and the concentration of some pollutants is usually greater than other parts of the
ecosystem of sub-urban or rural areas. The contamination is often as a result of the
level of human activities of urban settlement [16]. Therefore, soil is an important
sink for contaminants [17].

The soil type classification was done employing United States Department of
Agriculture (USDA) soil texture triangle or ternary [12]. The soil ternary plot for
Olusosun dumpsite area is presented in Fig. 10.2 and shows also the distribution of
soil samples in terms of sand-clay-silt. The plot revealed the soils around Olusosun
to be more in clay form which is corroborated by particle size distribution analysis.
The particle size distribution of soil from Olusosun dumpsite was conducted. The
clay fraction was dominant in both refuse dumpsite soils, the immediate environment
as well as in the control.

The clay-silt-sand texture for Olusosun dumpsite was 61–13–26 (%). The clay
plays a very important role in themobility ofmany inorganic elements.Apart from the
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Fig. 10.2 Ternary plot of soil composition of Olusosun dumpsite

fact that clay acts as a sealant, slowingdown the dispersion of tracemetals by retaining
them, it also absorbs many of the cations. A low permeability clay-rich geological
unit (hydraulic conductivity < 10.5 ms−1) can perform the function of an attenuating
layer, enabling leachate to percolate slowly downwards, simultaneously undergoing
attenuation by biodegradation, sorption, filtration, and ion exchange processes with
the clays in the unit.

The report of soil study in Maiduguri by Uwah [17], revealed that loamy sandy
soil did not only contribute to extremely low level of heavy metal contamination but
more importantly led to low retention of anthropogenically introduced metals [18].
The high clay content of the soil from the dumpsite is further shown in the ternary
plot in Fig. 10.2. Metals associated with the aqueous phase of soils are subjected to
movement with soil water, and may be transported through to groundwater. Some
metals, such as Cr, As, Se, and Hg can be transformed to other oxidation states
in soil, thereby reducing their mobility and toxicity. Immobilization of metals by
mechanisms of adsorption and precipitation will prevent movement of the metals to
groundwater [19].

Metal-soil interaction is such that, when metals are introduced at the soil surface,
downward transportation does not occur to any great extent unless themetal retention
capacity of the soil is overstretched, or the clay content is too low and metal inter-
action with the associated waste matrix enhances its mobility [20]. Changes in soil
environmental conditions over time, such as the degradation of organic waste matrix,
changes in pH, redox potential, or soil composition can also enhance metal mobility.
The extent of vertical contamination is intimately related to the soil composition and
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surface chemistry of the soil matrix with reference to the metal and waste matrix in
question [21].

The mean concentration of heavy metals in the soil (0–15 cm) and (15–30 cm)
are shown in Table 10.1. The levels of all heavy metals analysed in the soils around
the dumpsite were high, an indication of the influence of pollutants from municipal
solid waste. The order of concentrations of metals in the topsoil analysed was Fe >>
Zn >> Pb > Cu > Ni > Cd while that of subsoil was Fe >> Zn >> Pb > Ni > Cu > Cd.
The concentrations of all the metals analysed were higher in the topsoil (0–15 cm)
than in the sub soil (15–30 cm) except for nickel and iron.

This could be attributed to the high level of Fe in the geological composition of
the area and the contributions from various anthropogenic activities also influenced
the relative high level of other metals in the site. The high level of zinc and copper
could indicate that wastes laden with copper and zinc are frequently deposited in the
dumpsite. Though the mean values reported in this study are below the allowable
limits of some countries as shown in Table 10.3, the zinc and copper levels are still
much higher than the values observed in the control samples. This is an indication
of possible buildup of the trace metals in the lithosphere.

The concentrations of Ni, Cd, and Pb were also high in Olusosun dumpsite soils.
This can be attributed to the possible dumping of industrial wastes laden with lead
and nickel as well as cadmium such as waste from battery companies, automobile
waste smelting and aluminum industries. The observed mean value of cadmium and
nickel in the soil samples have exceeded the maximum allowable limits of many
countries (Table 10.3), thus portending disaster. The soil in the dumpsite is still seen
as fertile and can increase crop productivity. Hence, according to Amusan et al. [22],
local farmers from nearby areas often come to collect “soils” (due to its high organic
component) from dumpsite to be used as compost on their farms. This practice is
potentially harmful to the health and wellbeing of the populace [16].

Human exposure to heavy metals occurs via three primary routes: inhalation,
ingestion and skin absorption. Nickel concentration was observed to increase with
depth in the study area. Geochemical properties of component parent soil or rock
could be responsible for this trend. The nickel values in this study ranged between
18.7 and 87.4 mg/kg for topsoil and 12.5–100 mg/kg for subsoil from Olusosun
dumpsite. These values observed were lower than what were reported by Awokunmi
et al. [23], with a Ni concentration range of 18–335 mg/kg at the surface layer in a

Table 10.3 Maximum allowable limits of heavy metals in soil from various countries (mg/kg)

Heavy
metal

Austria Germany France Sweden Spain Canada Great
Britain

USEPA
[12]

Cd 1.0 2.0 2.0 0.4 1 5 3 85

Cu 100 50 – – – 100 100 4300

Ni 50–70 100 50 30 30 – 50 75

Pb 100 70 100 40 40 200 100 420

Zn 300 300 – – – – 300 7500
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dumpsite. Nickel is known to accumulate in plants. Intake of high level of Ni can
cause cancer of lung, nose larynx and prostrate as well as respiratory failure [24, 25].

The deposition of industrial wastes, mining activities, atmospheric deposition and
agricultural waste deposition are some of the sources of cadmium in the environment
[26]. Human diseases have been linked to consumption ofCd contaminated food even
at low concentration.

Inter-elemental association was also evaluated by employing Pearson correlation
coefficient. The results for correlation coefficient of heavy metals in soil around
Olusosun dumpsite are represented in Table 10.2. Some elemental pairs like Cd/Ni,
Cd/Fe, Zn/Fe and Cd/Zn had strong correlation; Zn/Cu and Ni/Zn had weak corre-
lation while others did not correlate at all.

The results of the enrichment factor (EF) and geochemical factor (Igeo) are pre-
sented in Table 10.4 for Olusosun refuse dumpsite soil. Fe was taken in this study
as a normalizing element because of its natural abundance in Nigerian soil. Fagbote
and Edward [27] also used Fe as normalizing element because according to them, it
has low occurrence variability. The EF value of heavy metals investigated showed Fe
(1.00), Pb (0.14) and Ni (0.55) had no enrichment. Cd (1.22) and Zn (1.32) had mini-
mized enrichment while Cu (5.63) has significant enrichment at Olusosun dumpsite.
The Olusosun dumpsite may have problem of pollutants from natural origin.

The results of geochemical factor (Igeo) are shown in Table 10.4. The negative
value for Pb (−0.68) indicates that the soils around Olusosun dumpsite were not
polluted by Pb, whereas the Igeo value of 1.17 for copper classifies it as a zone of
unpolluted tomoderately polluted. The Igeo values of the remaining heavymetals (Fe,
Cd, Zn and Ni) ranging from 2.01 and 2.40 revealed that the dumpsite is moderately
to strongly polluted by the metals. The order of pollution of metals is therefore Zn >
Cd > Ni > Fe > Cu > Pb in Olusosun dumpsite.

The results of assessment by contamination factor (CF) are presented inTable 10.5.
The contamination factors for Olusosun dumpsite soil revealed low contamination
by Pb with 0.94 index value, considerable contamination by Ni with 3.29 index value

Table 10.4 Enrichment factor (EF) and Geochemical index (Igeo) of heavy metals in soil of Olu-
sosun dumpsite

Fe Cu Cd Pb Zn Ni

C (Ms)/mg/kg 18,600 30.1 1.54 49.7 250 41.2

C (Fes)/mg/kg 18,600 18,600 18,600 18,600 18,600 18,600

C (Mc)/mg/kg 3090 0.89 0.21 52.6 34.3 12.5

C (Fec)/mg/kg 3090 3090 3090 3090 3090 3090

EF 1.00 5.56 1.22 0.16 1.20 0.55

Igeo 2.01 1.17 2.30 −0.68 2.40 2.19

Note C (Ms)—concentration of metal in the sample, C (Fes)—concentration of iron (normalizer)
in the sample, C (Mc)—concentration of metal in the control sample, C (Fec)—concentration of
iron (normalizer) in the control sample



10 Trace Metals Charaterisation of Soils in the Vicinity … 165

Table 10.5 Contamination factor of heavy metals in Olusosun dumpsite soil

Fe Cu Cd Pb Zn Ni

C (Ms)/mg/kg 18,600 30.1 1.54 49.7 271 41.1

C (Mc)/mg.kg 3090 0.89 0.21 52.6 34.3 12.5

CF 6.02 33.8 7.33 0.94 7.92 3.29

Note C (Ms)—concentration of metal in the sample, C (Mc)—concentration of metal in the control
sample

and high contamination by Fe, Cu, Zn and Cd in Olusosun dumpsite (CF > 6). It is
an indication that copper and zinc laden solid wastes are substantial in the dumpsite.

The pollution load index (PLI) is another important tool, often employed to further
reveal certain trends on the nature of pollutants in soil or sediments and its origin.
It also helps to show the extent of the deterioration of a study site [11]. This type
of measurement, however has been defined with different names, for example, as
the numerical sum of contamination factor (CF) [28], and as arithmetic of mean of
analysed pollutants by Abrahim and Parker [29]. The calculated PLI gave a value of
Olusosun dumpsite to be 5.78. This shows that the study area is highly polluted or
deteriorated. It further suggests the input from anthropogenic sources.

10.4 Conclusions

This study assessed the quality of top and subsoil in the vicinity of Olusosun dump-
site, Lagos, using various multivariate indices which include enrichment factor, con-
tamination factor and geoaccumulation factors. This integrative approach reveals
deleterious impact of dumpsite activities as well as buildup of trace metals in the
lithosphere. The pH value of the soil samples analysed (top and subsoil) ranged
from neutral to slightly alkaline. The enrichment factor (EF) value of heavy metals
investigated showed no enrichment by Fe (1.00), Pb (0.14) and Ni (0.55). There was
minimal enrichment by Cd (1.22) and Zn (1.32) while there was significant enrich-
ment by Cu (5.63) at Olusosun dumpsite. The Igeo showed the order of pollution of
metals analysed as Zn > Cd > Ni > Fe > Cu > Pb in Olusosun dumpsite. The pollu-
tion load index value of 5.78 indicates a strong deterioration of the dumpsite through
anthropogenic sourced pollutants. There is need for stakeholders in wastes disposal
activities to step up measures to mitigate further deterioration of the soils around
the dumpsite. These steps should include the implementation of global standards of
3-Rs (Reduce–Recycle–Reuse), as well as upgrading the present dumpsite to landfill,
thereby saving our environment from the deleterious impacts of leachates.
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Chapter 11
Parasitic Plants of Namibia

Muvari Connie Tjiurutue, Ezekeil G. Kwembeya and Erika Maass

Abstract Parasitic plants are common in many ecological and agricultural settings,
and often play major roles in structuring ecosystems. Over 4,100 species in approx-
imately 19 families of the world’s angiosperms are parasitic plants. In sub-Saharan
Africa, parasitic plants such as Striga (Witchweed) can lead to millions of dollars of
losses in crop yields, devastating livelihoods. In spite of the important economic roles
that parasitic plants play in both natural and agricultural systems, many aspects of
parasitic plants remain unknown including host-plant interactions, pollination biol-
ogy, chemical ecology and ethnobotanical uses, especially in Namibia. Here, we
explore and describe the known medicinal parasitic plants that occur in Namibia.
Based on literature search and herbarium studies we recorded 8 families, 16 genera
and 52 species of parasitic plants inNamibia, of which two are endemic namely:Age-
lanthus discolor (Schinz) Balle and Thesium xerophyticum A. W. Hill. Additionally,
most species of parasitic plants belong to the Family Loranthaceae (28.8%). Of the 52
species of parasitic plants inNamibia only 14 have documented uses, namelyCuscuta
planiflora Ten. var. planiflora, Cassytha filiformis L., Oncocalyx welwitschii (Engl.)
Polhill & Wiens, Plicosepalus undulatus (E. Mey. ex Harv.) Tiegh., Plicosepalus
kalachariensis (Schinz) Danser, Tapinanthus oleifolius (J. C. Wendl.) Danser, Xime-
nia americana L. var. americana, Ximenia caffra Sond. var. caffra, Striga asiatica
(L.) Kuntze, Striga gesnerioides (Willd.) Vatke, Thesium lacinulatum A. W. Hill,
Thesium lineatum L.f., Viscum capense L.f. and Viscum rotundifolium L.f. The genus
Ximenia had the most medicinal applications (27%) with all plant parts used. A sig-
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nificant association was established between the plant parts used and plant genera
(Chi-square= 58.380, P = 0.008 < 0.05). This current review has identified gaps in
ethnobotanical knowledge, especially that the majority of parasitic plant species in
Namibia are understudied. Expanding our knowledge on parasitic plants may open
avenues to conserve parasitic plant biodiversity, contribute to effective management
efforts of problematic parasites and to investigate their medicinal value while inte-
grating Indigenous Knowledge Systems into mainstream knowledge systems.

Keywords Ethnobotany ·Mistletoes ·Medicinal plants · Namibia · Parasitic
plants

11.1 Introduction

Parasitic plants occur in many ecosystems and are integral in structuring and func-
tioning of their ecosystems [1, 2]. Approximately 4,100 species in approximately
19 families are parasitic plants amounting to more than 1% of the flowering plants
[3]. While extensive research has focused on the ecology, biology and physiology of
parasitic plants, ethnobotanical uses of parasitic plants are lacking, especially in the
African context including Namibia. Information on ethnobotanical studies of para-
sitic plants will not only shed light on the benefits of parasitic plants but also expand
our knowledge on the medicinal applications of parasitic plants. Parasitic plants
are often viewed negatively due to the devastations that some of them may pose to
important crops [4] and thereby negatively impacting the livelihoods of people that
who depend on such crops [5]. However, parasitic plants do offer several benefits
such as the maintenance of a healthy ecosystem by suppressing dominant species
and allowing less dominant species to thrive [2, 6], nutrient cycling [2], provision
of shelter and food to other species [7], and less commonly known their medicinal
applications that need further exploration.

Depending on the extent to which parasites are autotrophic, parasitic plants can
be classified as either holoparasites or hemiparasites. Holoparasitic plants depend
entirely on their hosts and lack chlorophyll [1, 8] while hemiparasitic plants contain
chlorophyll and can make their own food. Additionally, hemiparasites can further
be classified as facultative or obligate hemiparasites. Facultative hemiparasites are
often opportunistic parasites that may require host only at certain life cycle stages
or may complete their life cycles without the host [1, 8]. On the other hand, obligate
hemiparasites require a host to complete their life cycles even though they may be
capable of photosynthesis [1]. For example, Striga species require host stimulants for
seed germination [1] and haustorial formation. On the basis of haustorial connection
to the host, parasites can be divided into stem or root parasites. Stem parasites form
haustorial connections on the stem of the host and roots parasites form connections
with host roots [1, 3].

The purpose of this review is to synthesize literature on the families, genera, and
species of parasitic plants with important medicinal uses in Namibia and suggest
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areas for future research. We confine our review to medicinal uses of parasitic plants
to highlight the various medicinal benefits that parasitic plants offer arising from the
use of different plant parts,mixtures andmode of parasitism.Our intent is to stimulate
new interest in the critical roles that parasitic plants play in offering alternatives to
medicinal applications and thus promote and preserve indigenous knowledge.

11.2 Methods

We collected all available data on the status of parasitic plants in Namibia. First,
we reviewed authoritative botanical texts to glean details on medicinal uses of par-
asitic plants. We then cross-referenced these data against the Botanical Research
and HerbariumManagement System (BRAHMS) database, and compared these data
against herbaria records at theNational Herbarium ofNamibia (WIND). Ethnobotan-
ical data were obtained from the Survey of Economic Plants for Arid and Semi-Arid
Lands (SEPASSAL) database.

11.3 Results and Discussion

We found that Namibian parasites spanned across 8 families, 16 genera and 52
species, of which two are endemic namely: Agelanthus discolor (Schinz) Balle and
Thesium xerophyticumA.W.Hill (Table 11.1).More specifically, we found that most
species of parasitic plants belong to the Family Loranthaceae at 28.8%, followed by
Santalaceae at 19.2% and Orobanchaceae at 17.3%. The family with the least species
was Lauraceae representing 1.9% of all species followed by species belonging to
Olacaceae comprising of 3.8% of all parasitic species in Namibia (Fig. 11.1).

Although the family Loranthaceae had the most species, the genus that had the
most parasitic plants was Thesium (19.2%), followed by the genus Viscum (13.5%)
belonging to the Viscaceae family (Fig. 11.2).

Of the 52 species of parasitic plants in Namibia only 14 have documented uses,
namely Cuscuta planiflora Ten. var. planiflora, Cassytha filiformis L., Plicosepalus
undulatus (E. Mey. ex Harv.) Tiegh., Plicosepalus kalachariensis (Schinz) Danser,
Tapinanthus oleifolius (J. C. Wendl.) Danser, Oncocalyx welwitschii (Engl.) Polhill
& Wiens, Ximenia americana L. var. americana, Ximenia caffra Sond. var. caffra,
Striga asiatica (L.) Kuntze, Striga gesnerioides (Willd.) Vatke, Thesium lacinulatum
A.W.Hill, Thesium lineatum L.f.,Viscum capenseL.f. andViscum rotundifolium L.f.
(Table 11.2). Although five of the seven species of Hydnora found in the old world
[9] occur in Namibia, there are no documented uses so far. However, uses ofHydnora
have been reported elsewhere [10–12]. Hydnora species are subterranean in nature
and only emerge above groundwhen flowering [10, 11, 13] and it is possible that their
uses are not documented because they are not easily observable. Additionally, some
Hydnora species occur in the drier parts of the country such as the succulent Karoo
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Table 11.1 Parasitic plant
families represented in
Namibia

Plant family Genus Number of species

Convolvulaceae Cuscuta 3

Aristolochiaceae Hydnora 5

Lauraceae Cassytha 1

Loranthaceae Agelanthus 4

Loranthaceae Erianthemum 1

Loranthaceae Plicosepalus 2

Loranthaceae Septulina 2

Loranthaceae Phragmanthera 3

Loranthaceae Tapinanthus 2

Loranthaceae Oncocalyx 1

Olacaceae Ximenia 2

Orobanchaceae Cycnium 2

Orobanchaceae Rhamphicarpa 1

Orobanchaceae Striga 6

Santalaceae Thesium 10

Viscaceae Viscum 7

5.77%

9.62% 1.92%

28.85%

3.85%

17.31%

19.23%

13.46%
Convolvulaceae

Aristolochiaceae

Lauraceae

Loranthaceae

Olacaceae

Orobanchaceae

Santalaceae

Viscaceae

Fig. 11.1 Percentage of Namibian parasitic plants by family
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7.69%
1.92%

5.77%
3.85%

1.92%
9.62%

1.92%
5.77%

3.85%
1.92%

3.85%
11.54%

3.85%
19.23%

13.46%
3.85%

0.00% 5.00% 10.00% 15.00% 20.00% 25.00%

Agelanthus

Cuscuta

Erianthemum

Oncocalyx

Plicosepalus

Septulina

Tapinanthus

Viscum

Fig. 11.2 Percentage of Namibian parasitic plants by genus

[13–16] where there are fewer inhabitants. In any case, this review has identified
ethnobotanical knowledge gaps in the medicinal uses ofHydnora species in Namibia
requiring further studies.

Interestingly, despite having the second lowest number of species, Olacaceae
species had the most medicinal applications (Table 11.2 and Fig. 11.3). Fruits of
Ximenia can be consumed while leaves and roots have been used traditionally for
treatment of multiple ailments. Chi-square tests of association were conducted at
5% level to establish whether significant relationships existed between genera, fam-
ily and category of use. There was no significant relationship between either gen-
era or family and category of use (P > 0.05). However, a significant association
was established between the plant parts used and plant genera (Chi-square= 58.380,
P = 0.008 < 0.05) (Table 11.3). The significant association between plant parts is
partly due to the fact that some parasitic plants do not have leaves or roots and
therefore, only the parts that are present will most likely be used. This significant
association might also explain why Ximenia species had the most medicinal appli-
cations compared to other parasitic plants because all the plant parts are used in
processing traditional medicines.

11.4 Conclusions

This study has provided insight into how parasitic plants are used in Namibia. Infor-
mation on how indigenous peoplemanage and perceive natural resources can provide
crucial details on the population ecology and economic importance of many species,
and are thus crucial when developing environmental management or designing con-
servation projects. Our review revealed that there is urgent need for a full scale
medicinal and ethnobotanical survey of parasitic plants in Namibia since there is not
much information documented on this subject.
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Fig. 11.3 Medicinal uses of Namibian parasitic plants by genus

Table 11.3 Genus* plant parts used for cross tabulation

Genus Plant parts used

Stem Roots Leaves Seeds Bark Fruits Total

Cuscuta 2 0 0 0 0 0 2

Cassytha 8 0 0 0 0 0 8

Plicosepalus 2 0 1 0 0 0 3

Tapinanthus 3 0 1 0 0 0 4

Ximenia 0 3 2 3 1 2 11

Striga 0 5 0 0 0 0 5

Thesium 0 2 0 0 0 0 2

Viscum 5 0 1 0 0 1 7

Total 20 10 5 3 1 3 42

*Represents a significant association between the plant parts used and plant genera (Chi-square =
58.380, P = 0.008 < 0.05)

Furthermore, this current review has identified gaps in knowledge about various
parasitic plant species and their uses.We recommend that future studies conduct inter-
views with communities where parasitic plants commonly occur to better understand
the biocultural context of these species, with emphasis on ethnobotanical uses.
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Chapter 12
An Insight into the Adsorption
Mechanism of Hexavalent Chromium
onto Magnetic Pine Cone Powder

Immaculate L. A. Ouma, Eliazer B. Naidoo and Augustine E. Ofomaja

Abstract The remediation of hexavalent chromium [Cr(VI)] contaminated water
has been a challenge due to its high toxicity andmobility in the environment. Adsorp-
tion has so far been the most promising method for the treatment of chromium
containing water due to the availability of low cost materials capable of chromium
sequestration. The mechanism for hexavalent chromium removal has however not
been fully understood with many studies pointing to a reduction-coupled mecha-
nism. In this study, a composite material consisting of agricultural waste material
(pine cone) and magnetite nanoparticles was used for the remediation of hexavalent
chromium contaminatedwater with a focus on the removalmechanism and adsorbent
regeneration studies. The mechanism was identified to be adsorption-coupled reduc-
tion where Cr(VI) was reduced on the adsorbent surface to the less toxic trivalent
chromium [Cr(III)] before being adsorbed. The adsorbed chromiumwas successfully
desorbed usingNaOHallowing for concentration and chromium recovery. The adsor-
bent material was applied in three adsorption-desorption cycles without a significant
loss in adsorption capacity.

Keywords Adsorption · Chromium · Magnetite · Mechanism · Pine cone ·
Regeneration

12.1 Introduction

Among the pollutants found in water, heavy metals are of concern because they are
non-biodegradable, hence leading to accumulation in the environment. Even at low
concentrations these metals may interfere with normal biological processes, hence
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becoming toxic resulting in either heavy metal poisoning or genetic disorders. The
removal of thesemetal species fromwater is therefore critical to the general availabil-
ity of clean water for human and animal consumption. Chromium is a highly soluble
metal pollutant with strong oxidizing properties which can cause irritation in plant
and animal tissues [1–3]. It has several uses including metal plating, leather process-
ing, surface treatments and in refractories [3, 4]. It exists in six oxidation states with
the trivalent [Cr(III)] and hexavalent [Cr(VI)] states being themost prevalent in water
[5]. Trivalent chromium is an essential nutrient while the hexavalent form is toxic,
carcinogenic, teratogenic and mutagenic to living organisms [1, 6]. The maximum
levels permitted for chromium in water are 5 mg L–1 and 0.05 mg L−1 for Cr(III)
and Cr(VI)respectively [5, 6]. The removal of chromium from contaminated water
has been investigated over the years with different methods being reported for water
treatment. All these methods are aimed at reducing the level of pollutants to produce
water suitable for human consumption or agricultural use. The methods for remedi-
ation of Cr(VI) contaminated water include oxidation, coagulation-flocculation, ion
exchange, membrane separation and adsorption among others [7, 8]. Among these
methods, adsorption has been considered the most favorable due to its low operation
cost and versatility. However, the mechanism of hexavalent chromium adsorption
is still not well documented. In our previous work we described the adsorption of
Cr(VI) onto FTP-MNP, a composite biosorbent made from pine cone powder and
magnetite nanoparticles with detailed characterization of the prepared adsorbent and
analysis of the adsorption parameters [9]. This study therefore proceeds by providing
an insight into the adsorptionmechanism of Cr(VI) remediation using FTP-MNP and
the regeneration efficiency of the adsorbent material.

12.2 Experimental

12.2.1 Materials

Sodium hydroxide (NaOH, >98%) and potassium dichromate (K2Cr2O7, >99%)
were purchased from Associated Chemical Enterprises (South Africa). Ammonium
hydroxide (NH4OH, 25%) was supplied by Labchem (South Africa). Hydrochloric
acid (32%) and ferrous sulphate (FeSO4·7H2O, >98%) were supplied by Merck.
Ferric chloride (FeCl3·6H2O, >99%) and sodium arsenite (NaAsO2, >90%) were
purchased from Sigma-Aldrich. All chemicals were used without any further purifi-
cation. All syntheses were carried out under nitrogen atmosphere with vigorous
stirring to ensure uniform dispersions.
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12.2.2 Methods

The synthesis of the composite material is described in detail in our previous work
[10]. Briefly, thematerialwas prepared in a single step co-precipitationmethodwhere
1.5 g of Fenton’s treated pine cone powder was added to degassed water followed by
the addition of ferrous and ferric salts and precipitation with ammonium hydroxide
at 60 °C under nitrogen atmosphere.

12.2.2.1 Determination of Cr(VI) Adsorption Mechanism

To determine the effect of solution pH, solutions of 100mgL−1 Cr(VI) were prepared
in separate volumetric flasks and the solution pH in each flask was varied between 2
and 12 using 0.01 HCl and 0.01 MNaOH. 0.5 g of the adsorbent was introduced into
a separate sealable flask containing 100 cm3 of each solution and agitated for 2 h.
The solution pH and redox potential before and after adsorption were determined on
a Crison Basic 20 pH meter.

12.2.2.2 Desorption and Regeneration

To determine the most appropriate solvent for desorption, 0.1 L of 200 mg L−1 solu-
tion of Cr(VI) was contacted with 1 g of the adsorbent material for 2 h. After adsorp-
tion, the adsorbent was filtered, washed with deionised water and dried overnight.
The chromium loaded adsorbent was then shaken in either deionised water (H2O),
0.1 M acetic acid (AA), 0.1 M hydrochloric acid (HCl) or 0.1 M sodium hydrox-
ide (NaOH) for 2 h and filtered to obtain the supernatant solution while the spent
adsorbent was washed and dried for reuse. The residual solutions after adsorption
and desorption were both analysed for Cr(VI) content.

Cr(VI) concentration was determined spectrophotometrically following the
diphenyl-carbazide method at a wavelength of 540 nm [11]. Total chromium con-
centration was determined on a Shimadzu AA 7000 Atomic Absorption Spectropho-
tometer with an air/acetylene flame and wavelength of 357.9 nm. Cr(III) concen-
tration was determined as the difference between total chromium and Cr(VI) con-
centrations. X-ray photoelectron spectroscopy (XPS) studies were performed using
XPS microprobe (PHI 5000 Scanning ESCA Microprobe ULVAC-PHI Inc) with Al
Kα radiation (hν = 1486.6 eV).

12.3 Results and Discussion

During the removal of hexavalent chromium from solution, mechanistic pathways
have been proposed based on two principles namely: (i) electrostatic attraction of
negatively charged Cr(VI) ions in solutions to the adsorbent surface, and (ii) reduc-
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tion of Cr(VI) to Cr(III) followed either by adsorption or repulsion by the adsorbent
surface. The mechanism for chromium removal from aqueous solutions by bioma-
terials has been determined to be by direct and indirect reduction [12]. In the direct
reduction mechanism, Cr(VI) is reduced to Cr(III) by the electron donating groups
of the biomaterial. The indirect reduction mechanism is a three step process in which
anionic Cr(VI) ions bind to cationic groups on the biomaterial surface, Cr(VI) ions
are then reduced to Cr(III) by adjacent electron donating groups followed by either
the release of Cr(III) into the solution due to repulsion or complexation with adjacent
groups [12]. The proposed mechanisms each lead to the consumption of hydrogen
ions therefore raising the solution pH during adsorption. Bothmechanisms have been
shown to describe the adsorption of Cr(VI) on lignocellulosic biosorbents and iron
oxide nanoparticles [13, 14]. To determine which of the mechanisms was responsible
for the removal of Cr(VI) from solution, the parameters associated with each mech-
anism were considered. These parameters include the change in hydrogen ion (H+)
concentration, change in the oxidation-reduction potential (ORP) of the solution and
the total amount of chromium ions (total Cr) left in the solution after adsorption.

12.3.1 Change in H+ Concentration

The adsorption of hexavalent chromium is highly dependent on solution pH and
has been reported to be favoured by its high redox potential (+1.3 V) at acidic pH
[5]. The optimum pH for Cr(VI) adsorption was found to be pH 2 where HCrO4

−
is predominant [9]. This species has low adsorption free energy and is therefore
favourably adsorbed at low pH when the adsorbent surface is positively charged
allowing for electrostatic attractionwith the anionic species [15].Reduction ofCr(VI)
to Cr(III) in the presence of organic matter and magnetite results in the consumption
of hydrogen ions as shown in Eqs. 12.1 and 12.2 [16, 17]. Cr(VI) can be reduced by
electron donor groups on the biomass which have a lower reduction potential than
that of Cr(VI) (1.3 V) [13].

HCrO−
4 + Organic matter + H3O

+ → Cr3+ + H2O + CO2 (12.1)

6Fe3O4 + 8H+ + 2HCrO−
4 → 9γ − Fe2O3 + 2Cr3+ + 5H2O (12.2)

At low solution pH the change in hydrogen ion concentration was high due to
large amounts of Cr(VI) being either bound or reduced by the adsorbent (Fig. 12.1).
As the solution pH was raised the change in H+ was reduced and the amount of
Cr(VI) removed was lowered.

In both the electrostatic attraction and adsorption coupled reduction mechanisms,
removal of Cr(VI) is favoured at lower solution pH due to the presence of high con-
centrations of hydrogen ions. The consumption of hydrogen ions also causes the
solution pH to increase during the reduction of Cr(VI) to Cr(III) [18]. The change



12 An Insight into the Adsorption Mechanism … 189

0 2 4 6 8 10 12
0

20

40

60

80

100

 C
r(V

I) 
%

 re
m

ov
al

 

Solution pH

-1.5E-2

-1.2E-2

-9.0E-3

-6.0E-3

-3.0E-3

0.0

 C
ha

ng
e 

in
 H

+ 
co

nc
en

tra
tio

n 
(m

ol
)

Fig. 12.1 Effect of solution pH on Cr(VI) removal and change in H+ concentration

in H+ concentration was therefore not sufficient in determining whether the adsorp-
tion of Cr(VI) onto FTP-MNP proceeded through either electrostatic attraction or
reduction to Cr(III).

12.3.2 Cr(III) Concentration After Adsorption

The amount of Cr(III) ions in solutions was determined to confirm whether the
reduction in Cr(VI) concentration was due to electrostatic attraction or conversion to
Cr(III). In the electrostatic attraction mechanism, only Cr(VI) ions are expected to be
present in solution since there is no reduction expected to take place. In the reduction
coupled adsorption however, Cr(III) ions are present in the solution. This is a result
of the reduction process which may be followed by some of the formed Cr(III) ions
being adsorbed while others are repelled back into the solution by positive charges
on the adsorbent surface. Therefore, the total amount of chromium in solution is the
sum of Cr(VI) and Cr(III) in the solution. In the case of complete reduction from
Cr(VI) to Cr(III) as reported by Sanghi et al., the chromium left in solution only
consist of Cr(III) ions [19].

Throughout the studied pH range there was some amount of Cr(III) ions remain-
ing in the solution after adsorption (Fig. 12.2). The highest amount of Cr(III) was
observed at lower solution pH due to the presence of high amounts of H+ ions aiding
in the reduction of Cr(VI) to Cr(III). However, at high solution pH the amount of
Cr(III) was lower due to repulsion of Cr(VI) anions from the negatively charged
adsorbent surface, therefore resulting in low reduction. Some of the formed Cr(III)
ions were not adsorbed due to repulsion of the cations by the positively charged
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Fig. 12.2 Cr(VI) and Cr(III) concentration in solution after adsorption

adsorbent surface, leading to higher amounts of Cr(III) in solution at low solution
pH since there was maximum reduction at low pH following higher redox potentials.

12.3.3 Change in Redox Potential

The difference in oxidation reduction potential (ORP) of the solution before and after
adsorption was determined in order to confirm Cr(VI) reduction to Cr(III). A reduc-
tion in ORP indicates Cr(VI) reduction as observed by Yu et al., when nanoscale
zero-valent iron particles which have a strong reductive capacity were introduced
into Cr(VI) wastewater [18]. During Cr(VI) adsorption onto FTP-MNP the differ-
ence between the final and initial ORP of the solution increased with increasing pH
(Fig. 12.3). This was because of decreased Cr(VI) reduction as the pH of the solution
increased with greater decreases in ORP being observed at lower pH where higher
Cr(VI) reduction was expected. Similar trends have been reported for Cr(VI) reduc-
tion by magnetite indicating that reduction to Cr(III) decreases as pH increases [20,
21].

12.3.4 XPS Analysis

The XPS spectra of FTP-MNP before and after Cr(VI) adsorption were studied to
determine the changes in surface states resulting from the adsorption process. The
survey spectrum of the chromium loaded adsorbent showed that all peaks from the
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Fig. 12.3 Change on redox
potential with solution pH
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pristine adsorbent were retainedwith the introduction of a new peak at approximately
580 eV assigned to Cr2p (Fig. 12.4) [15].

TheO1 speak inFig. 12.5awas slightly shifted from529.4 to 529.9 eVafterCr(VI)
adsorption indicating that oxygen containing groups were involved in the binding of
Cr(VI) to the FTP-MNP surface. The Cr2p band (Fig. 12.5b) consisted of two peaks
at 587 and 575 eV which were assigned to Cr2p1/2 and Cr2p3/2 representing Cr(VI)
and Cr(III) respectively [15]. The presence of both peaks suggested that Cr(VI) was
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Fig. 12.5 XPS spectral comparisons of FTP-MNP before and after Cr(VI) adsorption

adsorbed and later reduced to Cr(III) on the adsorbent surface [22]. The reduction
of Cr(VI) to Cr(III) at acidic pH or in the presence of organic matter follows a redox
reaction (Eq. 12.3) [15]:

HCrO−
4 + 7H+ + 3e− → Cr3+ + 4H2O (12.3)

The binding energies for Fe2p1/2 and Fe2p3/2 showed no significant shift after
chromium adsorption at energies of 722.6 and 709.3 eV in the pristine adsorbent and
722.9 and 709.6 eV in the chromium loaded adsorbent (Fig. 12.5c). The constant
binding energies for Fe2p indicate that there was no Cr substitution in the iron phase
of the adsorbent and the magnetite phase was retained throughout the adsorption
process [14, 22].
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12.3.5 Desorption and Adsorbent Regeneration

Regeneration of spent adsorbents is important inmaking the adsorption processmore
economical [23]. In order to determine the reusability of the adsorbent it is important
to establish the most suitable eluent solution to desorb the bound adsorbate from the
adsorbent surface. Desorption studies are important in the practical considerations
of adsorbents for water treatment [24]. Desorption of Cr(VI) was tested using four
eluents namely deionised water (H2O), 0.1 M acetic acid (AA), 0.1 M hydrochloric
acid (HCl) and 0.1 M sodium hydroxide (NaOH). The adsorption of Cr(VI) was
pH dependent, therefore desorption was also affected by the pH of the eluent solu-
tion. The percentage efficiency of desorption was calculated using Eq. 12.4 and the
results are presented in Fig. 12.6a [25]. The efficiency of the eluents was in the order
H2O < AA < HCl < NaOH and NaOH was therefore considered the best eluent and
was used in the determination of adsorbent reusability. The presence of OH− ions
fromNaOH led to the formation of soluble sodiumchromate which was released into
the solution [26].

Desorption (%) = amount desorbed

amount adsorbed
× 100 (12.4)

The reusability of the adsorbent was studied by consecutive adsorption-desorption
cycles (Fig. 12.6b). After each adsorption, the loaded adsorbent was shaken with the
eluent solution, then filtered and washed with deionised water and dried before being
contactedwith the adsorbate solution. After three cycles the adsorbent retained >85%
of its initial adsorption capacity. FTP-MNP was therefore favourable for Cr(VI)

0

10

20

30

40

50

60

70

80

NaOHHClAA

%
 C

r(V
I) 

D
es

or
pt

io
n

H2O
0

2

4

6

8

10

12

C
r(V

I) 
Ad

so
rp

tio
n 

ca
pa

ci
ty

 (m
g 

g-1
)

Run 3Run 2Run 1

Fig. 12.6 aDesorption efficiency using different solvents and b reusability of FTP-MNP for Cr(VI)
adsorption



194 I. L. A. Ouma et al.

adsorption and can be applied in up to three cycles therefore increasing its cost
efficiency.

12.4 Conclusion

The adsorption of hexavalent chromium was optimum at low solution pH where
electrostatic attraction was responsible for the binding of anionic chromium species
to the adsorbent surface. Hydrogen ions were used up during both Cr(VI) binding
and reduction to Cr(III) resulting in an increase in solution pH after adsorption. The
presence of Cr(III) ions after adsorption and a change in redox potential further
confirmed that Cr(VI) was reduced to Cr(III) during the adsorption process. XPS
analysis further indicated that Cr(VI) ionswere bound to the adsorbent surface aswell
as Cr(III) therefore confirming that the mechanism of Cr(VI) adsorption onto FTP-
MNP was via adsorption coupled reduction. The adsorbed Cr(VI) was successfully
desorbed using 0.1 M sodium hydroxide and the adsorbent was reused twice, losing
less than 15% of its initial capacity.
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Chapter 13
Review on Tuberculosis: Trends
in the Discovery of New and Efficient
Chemotherapeutic Agents

Tozama Qwebani-Ogunleye, Ikechukwu P. Ejidike and Fanyana M. Mtunzi

Abstract Bacterial infections are one of the world’s most pressing public health
problems. The major challenge in anti-bacterial treatment is the transformation in
bacteria strains leading to antibiotics resistant. Each year over 1 million people die
from major infections associated with MDR tuberculosis. This review gives the syn-
opsis of tuberculosis, first-line TB drugs and their mode of action, second-line TB
drugs, challenges faced with drug discovery of new TB entities and medicinal plant
species. The first-line anti-TB drugs act as bacteriostatic or as bactericidal. Isoniazid
and ethambutol are both bacteriostatic. They act by inhibiting mycolic acid synthesis
that is required for the mycobacterial cell wall. Rifampicin is bactericidal. It inhibits
DNA-dependent RNA polymerase in the bacterial cells by binding its beta-subunit,
thus preventing transcription to RNA and subsequent translation to proteins. Pyraz-
inamide, also a prodrug, is only active in acidic conditions. It disrupts the energy-
dependent pathway. Streptomycin is a protein synthesis inhibitor. It binds to the S12
protein of the 30S subunit of the bacterial ribosome, thereby allowing the selectivity
of this antibiotic for bacteria. Despite the challenges faced with the development
of new drug candidates, the government and non-governmental organizations have
started to invest in TB drug research and development. Potential drug candidates are
discussed in this review.
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13.1 Introduction

In the past, tuberculosis (TB) was well known as Consumption because of the way it
will consume fromwithin anyone infected by the disease. Other names of TB include
phthisis, King’s evil and lupus vulgaris. In 1882, Robert Koch made the landmark
discovery that TB is caused by an infectious agent calledMycobacterium tuberculosis
(M.tb.). Koch’s findings welcomed opportunities that antibiotics can be developed to
combat this disease [1]. The latter is one of the most common contagious diseases
known to mankind. It is caused by a respiratory infection and primarily affects the
lungs, but it can also affect organs in the central nervous system, lymphatic system,
and circulatory system. In 1993, WHO declared TB as the global health emergency
[2].Although there has beenmajor progress in subsequent years,more than 60million
people have been documented as treated and cured since 2000 and death rates have
fallen steadily [3].

According to the World Health Organisation, TB is one of the top 10 causes of
death worldwide, ranking above HIV [AIDS] as the leading cause of death from an
infectious disease [3]. In 2017, TB caused an estimated 1.3 million deaths (range,
1.2–1.4 million) [4].

Every 2 sec one TB patient dies and about 30 million people will be infected by
M.tb. within the next 20 years [5]. Globally it has been estimated that 10.0 million
people developed TB disease in 2017: 5.8 million men, 3.2 million women, and 1.0
million children. Worldwide 6.4 million new cases of TB were officially notified to
national authorities and then reported to WHO [3]. The 6.4 million represent 64% of
the estimated 10.0 million new cases that occurred in 2017. Ten countries accounted
for 80% of the 3.6 million global gaps, the top three being India (26%), Indonesia
(11%) and Nigeria (9%). This is due to the mixture of underreporting of detected
cases and underdiagnoses, either people do not access health care, or they are not
diagnosed when they do [3]. In 2015, 6.1 million new TB cases were notified to
authorities and reported by WHO [6]. The same year there were about 1.4 million
TB deaths and an additional of 0.4 million deaths resulting from TB disease among
HIV positive people [6]. In 2011, 8.7 million people fell ill with TB and 1.4 million
died from the disease [7]. In 2010 there were about 10 million orphan children
because of the TB deaths among parents [7].

Reports on TB reveal that about one-third of the world population carry a latent
TB infection and it is the leading infectious cause of death in people infected with
HIV and it is a disease of poverty [7].

The global incidence of TB cases is skewed heavily toward low income and
emerging economies [5]. Africa, and more specifically sub-Saharan Africa have the
highest incident rate of TB, with approximately 83 and 290 per 100,000 respectively
[5]. The highest prevalence of cases is in Asia, where China, India, Bangladesh,
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Indonesia, and Pakistan collectivelymake up to 50%of the global burden [5]. Despite
the availability of antibiotics for over 50 years, TB remains a major global health
problem. One can get TB by breathing in air droplets from a cough or sneeze of an
infected person. The resulting lung infection is called primary TB.

Most people recover from primary TB infection without further evidence of the
disease. The infection may stay inactive (dormant) for years. However, in some
people, it can reactivate. Most people who develop symptoms of a TB infection
first became infected in the past. In some cases, the disease becomes active within
weeks after the primary infection to a drug-sensitive TB. Drug-sensitive TB means
that all the TB drugs will be effective so long as they are taken properly. It still
means that several drugs need to be taken together to provide effective TB treatment.
The Sustainable Development Goals (SDGs) for 2030 were adopted by the United
Nations in 2015 [6]. One of the objectives is to end the global TB epidemic. All
member States of WHO and the UN have committed to this goal. The target set in
the End TB Strategy include a 90% reduction in TB deaths and in 80% reduction in
TB incidence by 2030, compared to 2015.

13.2 Materials and Methods

Scopus and journals’ databases were accessed for data/information collection, and
snowball sampling method was used in this study.

13.3 Results and Discussion

13.3.1 First-Line TB Drugs

The first-line anti-TB drugs that have been used for TB treatment include: isoniazid
(INH) 1, pyrazinamide (PZA) 2, streptomycin (STR) 3, ethambutol (ETH) 4, and
rifampicin (RIF) 5 (Fig. 13.1) [8].

No sooner were the first anti-tuberculosis agents introduced to humans than the
emergence of drug-resistant isolates of M.tb. were observed [9–11]. Since the early
1990s, there has been a great concern in public health due to the emergence of
resistance to multiple drugs (MDR-TB). This is caused by M.tb. strains which are
resistant to at least two first-line anti-TB drugs INH 1 and rifampicin RIF 5. MDR-
TB develops during treatment of drug-sensitive TB when the course of antibiotics
regime is interrupted and the levels of the drug in the body are insufficient to kill
100% of the bacteria [12].

In vitro studies showed that spontaneousmutations inM.tb. can be associated with
drug resistance, while selective (antibiotic) pressure can lead to enhanced accumula-
tion of these drug resistant mutants [13, 14]. The efficient selection of drug resistance
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in the presence of a single antibiotic led investigators to recommend combination
therapy, using more than one antibiotic to reduce the emergence of drug-resistance
during treatment [15–17]. Combination treatment is properly managed and TB con-
trol has been effective [17–19]. Drug-resistant TB continues to be a public health
crisis. The best estimate is that, worldwide in 2017, 558,000 people developed TB
that was resistant to rifampicin (RR-TB), the most effective first-line drug and of this
82% had multidrug-resistant TB (MDR-TB) [2]. Among cases of MDR-TB in 2017,
8.5% were estimated to have extensively drug-resistant TB (XDR).

13.3.2 Mode of Action of First-Line Anti-TB Drugs

Understanding themechanisms ofmycobacterial action to the anti-tuberculosis drugs
not only enables the development of more rapid molecular diagnostic tests and fur-
nishes implications for designing new anti-tuberculosis drugs, but it also helps to
implement measures to prevent the development resistance [20]. The mechanisms
of first-line TB drugs on M.tb. are further exemplified and described below.
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13.3.2.1 Isoniazid

Synthesis

Isoniazid 1 was first made in 1952 and may be prepared by the base hydrolysis of
4-cyanopyridine 6 to give the amide 7, followed by displacement of ammonia by
hydrazine as shown in Scheme 13.1 [20].

Mode of Action

Isoniazid, also known as isonicotinylhydrazide which a pro-drug, is a pharmacolog-
ical substance that is administered in an inactive or significantly less active form. It
is activated by a bacterial catalase-peroxidase enzyme called KAtG or by Mn2+ [21].
Mycolic acid synthesis is the primary pathway inhibited by the action of isoniazid
[22–28].

Mycolic acids are fatty acids containing up to 90 carbons and are the major
components of the mycobacterial cell wall. Two enzymes involved in this synthesis
have shown to be targets of isoniazid and they are NADH-dependent enoyl-acyl
carrier protein and β-ketoacyl carrier protein synthase designated KasA [29]. KatG
couples the isonicotinic acyl with NADH to form isonicotinic acyl-NADH complex
14 as displayed in Scheme 13.2.

This complex binds tightly to ketoenoylreductase known as inhA, thereby block-
ing the natural enoyl-AcpM substrate and the action of fatty acid synthase. Isoniazid
1, therefore, acts by inhibiting an oxygen-sensitive pathway in the mycolic acid
biosynthesis required for the mycobacterial cell wall.

Mechanism of Resistance

Mutations in INH-resistant clinical isolates are most commonly detected in the
katG gene, occurring in 50–80% of cases, thus reducing the ability of the catalase-
peroxidase to activate the INH pro-drug [30]. The katG gene is in a highly variable
and unstable region of theM. tuberculosis genome [30]. Point mutations in katG are
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more commonly observed than other types of mutations, and a single point mutation
resulting in the substitution of threonine for serine at residue 315 (S315T) accounts
for the majority of INH resistance among clinical isolates [31].

The S315T mutation results in a significant reduction in catalase and peroxidase
activity and is associated with high-level INH resistance (MIC= 5–10 µg/mL) [32].
INH resistancemay also arise frommutations in inhA, resulting in reduced affinity of
the enzyme for NADH without affecting its enoyl reductase activity [33]. Generally,
mutations in inhA or in the promoter region of its operon usually confer low-level
resistance (MIC = 0.2–1 mg/L) [33]. Mutations in inhA also cause resistance to the
structurally related second-line drug ethionamide [33].
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13.3.2.2 Pyrazinamide

Synthesis

Pyrazinamide 2 was first used against tuberculosis in 1952 and can be synthesized
by oxidation of quinoxaline 15 to form pyrazine-2,3-dicarboxylic acid 16. The lat-
ter undergoes esterification in the presence of the acid to form ethyl pyrazine-2-
carboxylate 17. This is then followed by amination of 17 to form compound 2 as
shown in Scheme 13.3.

Mode of Action

Pyrazinamide 2 is also a pro-drug like isoniazid 1. M.tb. has the pyrazinamidase
enzyme which is only active in acidic conditions as depicted in Scheme 13.4 [34].
Pyrazinamidase converts pyrazinamide to the active form, pyrazinoic acid which
accumulates in the bacilli. Accumulation of pyrazinoic acid disrupts membrane
potential and interferes with energy production that is necessary for the survival
of M.tb. at an acidic site of infection.

Mechanism of Resistance

PZA resistance has been attributed primarily to mutations in the pncA gene encoding
PZase [35]. Most mutations, including point mutations, deletions, and insertions,
have been reported in a 561-bp region of the open reading frame or in an 82-bp
regionof its putative promoter [36, 37]. The relatively highdegree of diversity in pncA
mutations among PZA-resistant clinical isolates has complicated the development
of molecular assays for the rapid and economical detection of PZA resistance.

A small percentage of isolates with high-level PZA resistance contain no muta-
tions in pncAor its promoter, suggesting alternativemechanisms of resistance such as
deficient uptake enhanced efflux, or altered pncA regulation [38]. The high specificity
of PZA for M.tb., with little or no activity against M. bovis and other mycobacteria,
is attributable to pncAmutations, which render PZase inactive in the latter mycobac-
terial species.

13.3.2.3 Streptomycin

Synthesis

Though streptomycin was first reported in 1944, its total synthesis has not yet been
achieved.However, it has been reported that it can bemade fromdihydrostreptomycin
(DSM) 19 trihydrochloride which has the structure shown in Scheme 13.5 [39, 40]
using the following steps:
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Scheme 13.4 Conversion of
pyrazinamide to pyrazinoic
acid

N

N
NH2

O

N

N
OH

O

pyrizinamidase

2                                                      18

(a) Benzyloxycarbonylation to give 20

In the first step DSM (19) trihydrochloride undergoes benzyloxycarbonylation by
addition of benzyl chloroformate and sodium carbonate in aqueous acetone to give
compound 20.

(b) Protection of the hydroxyl groups in the furan ring to give 21

The tertiary and primary alcohol group in the furan ring are protected by the addition
of excess 2,2-dimethoxypropane in acetic acid to give compound 21, the mono-
isopropylidene derivative.

(c) Acetylation of compound 21

Acetylation of compound 21with acetic anhydride in the presence of catalytic amount
of p-toluene sulfonic acid gave a hexaacetyl derivative 22.

(d) Regioselective hydrolysis to compound 23

Selective hydrolysis of compound 22 with aqueous acetic acid led to compound 23,
which has free primary and tertiary hydroxyl groups.

(e) Pfitzner-Moffatt oxidation to compound 3

Compound 23 was converted into the aldehyde derivative 3 by Pfitzner-Moffatt
oxidation with DMSO, dicyclohexylcarbodiimide, trifluoroacetic acid, and pyri-
dine. The product was deacetylated with methanolic ammonia to give N-
benzyloxycarbonylstreptomycin.

Mode of Action

Streptomycin 3 is a protein synthesis inhibitor. It binds to the S12 protein of the 30S
subunit of the bacterial ribosome, interfering with the binding of formyl-methionyl-
tRNA to the 30S subunit (Fig. 13.2).

This prevents the initiation of protein synthesis and leads to the death of microbial
cells. Humans have structurally different ribosomes from bacteria, thereby allowing
the selectivity of this antibiotic for bacteria [33].
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Fig. 13.2 Inhibition of protein synthesis by streptomycin 3 [41]

Mechanism of Resistance

Resistance to streptomycin and the other aminoglycosides in M.tb. usually devel-
ops by mutation of the ribosome target binding sites. Interestingly, although cross-
resistance is observed between amikacin and kanamycin [33], however, these
drugs are not cross-resistant with streptomycin [33]. Mutations in the rpsL gene,
which encodes the ribosomal protein S12, account for approximately half of all
streptomycin-resistant clinical isolates, with the K43Rmutation predominating [30].

In about 20% of streptomycin-resistant M.tb. clinical isolates, such resistance is
associated with mutations in the rrs gene, which are usually clustered in the regions
surrounding nucleotides 530 or 912 [30]. The vulnerability of rrs gene to muta-
tion, leading to streptomycin resistance in M. tuberculosis and other slow-growing
mycobacteria, can be explained by the fact that these mycobacterial species, unlike
other bacteria, contain only a single copy of the rrs gene. Generally, mutations in the
rpsL and rrs genes confer high-level (MIC > 1000 mg/L) or intermediate-level (MIC
=64–512mg/L) resistance to streptomycin [34–41].More recently, it has been shown
thatmutations in gidB,which encodes a conserved S-adenosylmethionine-dependent
16S rRNA methyltransferase, can confer low-level resistance to streptomycin [30].
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13.3.2.4 Ethambutol

Ethambutol (EMB) was initially reported to have anti-tuberculosis activity in 1961.
Like INH, EMB primarily kills actively multiplying bacilli and has very poor steril-
izing activity.

Synthesis

Ethambutol 4 can be prepared efficiently by a four-step stereoselective synthesis
(Scheme 13.6). The first step of the synthesis is esterification of 24 under standard
conditions followed by treatment of the free amide with 0.5 equivalent of oxalyl
chloride to form the desired oxalyl diamine derivative 25. This key intermediate
already incorporates the required carbon framework and the absolute configuration
SS as in the target.

Raneynickel desulfurization of the terminal thiomethyl groups leads to26. LiAlH4

is used as the reducing agent of the diamide and diester functional group to give the
desired product 4 [42].

Mode of Action

Ethambutol is bacteriostatic against actively growing TB bacilli and works by
obstructing the formation of the cell wall. It disrupts arabinogalactan synthesis by
inhibiting the enzyme arabinosyl transferase [43]. Disruption of the arabinogalactan
synthesis leads to increased permeability of the cell wall resulting in cell death [43].
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Mechanism of Resistance

Resistance toEMB inM.tb. is usually associatedwith pointmutations in the embCAB
operon [44]. Genetic and biochemical studies have shown that the EmbA and EmbB
proteins are involved in the formation of the proper terminal hexaarabinofuranoside
motif during arabinogalactan synthesis [45]. As most EMB-resistant clinical isolates
contain mutations in the EmbB gene [46], EmbB is the main target of EMB, although
X-ray crystallographic data supporting this interaction are lacking.

Other potential mutations involved in EMB resistance include a Gln379Arg sub-
stitution in M. tuberculosis embR, as well as mutations in the rmlD, rmlA2, and
Rv0340 genes. As many as one-quarter of all EMB-resistant M.tb. isolates do not
harbor mutations in any of the genes described above, suggesting alternative mech-
anisms of EMB resistance [30].

13.3.2.5 Rifampicin and Other Rifamycins

Rifamycins were first isolated in 1957 from Amycolatopsis (formerly Streptomyces)
mediterranean as part of an Italian antibiotic screening program [47]. Rifampicin
was first used clinically in 1966.

Synthesis

According to U.S. Pat. No. 3,963,705, rifampicin, also known as rifampin, was
obtained by reacting rifamycin S 27 with an N-bis-alkoxymethyl-amine or an N-
bis-hydroxymethyl-amine to give a well-defined intermediate compound, namely a
1,3-oxazino[5,6-c]rifamycin 28 [48]. The latter reacts in a basic medium with the
1-amino-4-methylpiperazine to give rifampicin 5 (Scheme 13.7).
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Mode of Action

Rifampicin is a bactericidal antibiotic drug of the rifamycin group. Rifampicin
inhibits DNA-dependent RNA polymerase in the bacterial cells by binding its beta-
subunit, thus preventing transcription to RNA and subsequent translation to proteins
[33]. The high resistance, prolonged chemotherapy and side effects of the available
first-line antituberculosis drugs highlight the need for new, safer and more effective
antitubercular drugs.

Mechanism of Resistance

Although INH monoresistance is relatively common in M. tuberculosis, resistance
to rifampicin alone is rare, and more than 90% of rifampicin-resistant isolates are
also resistant to INH. Therefore, rifampicin resistance has been used as a surrogate
marker for MDR-TB.

Resistance to rifampicin in M. tuberculosis arises at a frequency of 10−7 to 10−8

organisms,most commonly as single pointmutations in the rpoBgene,which encodes
the subunit of RNA polymerase [49]. In over 90% of rifampicin-resistant clinical
isolates, point mutations cluster in an 81-base pair “hot-spot” region between codons
507 and 533 of the rpoB gene, with mutations in codons 531 [Ser] and 526 [His]
predominating [50].

However, mechanisms of action and resistance (<5%) do not contain any muta-
tions in the rpoB gene, suggesting alternative resistance mechanisms, potentially
including altered rifampicin permeability or mutations in other RNA polymerase
subunits [51]. Higher doses of the rifamycins, especially rifapentine, have the poten-
tial to further shorten the duration of TB treatment. Therefore, there is renewed
interest in establishing the maximally tolerated dose of these drugs, and many clin-
ical trials are planned or underway to examine the safety, pharmacokinetics, and
efficacy of higher than standard doses of rifampicin or rifapentine in first-line TB
treatment [52].

13.3.3 Second-Line TB Drugs

Although antibiotics developed in the 1950s are effective against a large percentage
of TB cases, resistance to these first-line therapies has developed over the years,
resulting in the growing emergence of multidrug-resistant (MDR), extensively drug-
resistant (XDR) TB and even totally drug-resistant (TDR) TB. XDR-TB is caused
byM.tb. resistant to INH 1 and RMP 5 plus any fluoroquinolone 29, and at least one
of the three following injectable drugs: capreomycin 30, kanamycin 31 or amikacin
32 [12]. Figure 13.3 shows examples of second-line TB drugs that can be used for
MDR-TB treatment.
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Totally-resistant TB is caused by M.tb. resistant to all first and second-line anti-
TB drugs [12]. The second-line anti-TB drugs include para-aminosalicylic acid 33,
cycloserine 34, ciprofloxacin 35, ofloxacin 36, ethionamide 37 and clofazimine 38
(Fig. 13.4).

The current prevailing scenarios of drug-resistant TB are particularly alarming
and pose a significant threat to the control of the disease globally. It has been noted
that TB cases will worsen with the growing human immunodeficiency virus (HIV)
pandemic worldwide as the viral infection can weaken the host immune system.
Therefore, there is an urgent need for new affordable drugs that can be used in a
short period of time.

13.3.4 Challenges of Developing New Anti-TB Drugs

The discovery of new drugs has been hampered by several obstacles as discussed
below. Table 13.1 summarizes the required properties of new anti-TB drugs [45].
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Table 13.1 Properties requirement for new anti-TB drugs synthesis

What a new drug should do Characteristics required

Simplify treatment or reduce treatment
duration

Strong bactericidal and sterilizing activity
Low pill count, fixed-dose combinations
Allow for intermittent therapy

Have an acceptable toxicity profile A low incidence of treatment-limiting adverse
events
No overlapping toxicity profile with other TB
drugs

Be active against MDR/XDR TB No cross-resistance with first-line drugs

Be useful in HIV-infected patients with TB Minimal interactions with antiretroviral drugs
No overlapping toxicity profile with
antiretroviral drugs

Be active against latent TB Activity against dormant bacilli
Favorable toxicity profile
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13.3.5 Insufficient Profit Opportunity

The cost of developing a new drug is estimated to be between $115-240 million
[53]. To be profitable, market prices of new drugs should be relatively high, whereas
the cost of a standard regimen is only about $11 per patient [53]. As there is no
investment return to instigate pharmaceutical companies, they tend to be reluctant to
peruse research on the development of novel drugs.

13.3.6 Difficulty to Identify New Compounds with Activity
Against M.tb.

Novel drugs should kill both the rapidly growing mycobacteria and the persisting
mycobacterium in lesions (sterilizing activity) [53, 54]. However, because of the
M.tb. drug resistance this is not observed and the molecular mechanism for this
resistance is not yet fully understood.

13.3.7 Evaluation of New Compounds

There are currently no animal models available that can predict with accuracy the
required treatment duration with newly identified compounds [55]. The guinea pig
model is being explored as an alternative to a mouse model since it resembles TB
pathology in humans more closely [56]. The phase of clinical testing of new anti-TB
drugs is also time-consuming.

13.3.8 Scarcity of Trial Sites

There is also a scarcity of trial sites with sufficient research capacity to conduct
clinical trials with large samples. It will be more advantageous if trials are performed
in countries where the TB burden is highest but human and infrastructural capacity
for performing large, high-quality phase III clinical trials is usually limited in these
settings [57].
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13.3.9 Quest for New Drug Candidates for TB Treatment

13.3.9.1 Fluoroquinolones

Fluoroquinolones (Fig. 13.5) are a promising class of drugs for the treatment of TB
[58]. They are well distributed broadly throughout the body, which explains their
efficacy against intracellular mycobacteria and they are registered as second-line
anti-TB drugs [58–61].

Moxifloxacin 39 and Gatifloxacin 40 are candidates for shortening TB treatment.
They have exhibited the lowest MICs [62–68] and exhibited greatest bactericidal
activity as expressed in the rate of fall in Count Forming Unit (CFU). Their approved
dose is 400 mg/day [65, 69–71].

Other fluoroquinolone and bifunctional fluoroquinolone–hydroxyquinoline
derivatives have also been reported [72]. The fluoroquinolone derivatives were syn-
thesized in two steps and the bifunctional fluoroquinolone–hydroxyquinoline deriva-
tives in one step. They were evaluated for antimycobacterial activity.

The compounds that exhibited the best activity are the 1-(2-fluoro-4-
nitrophenyl)quinolones, 7-piperidinyl derivative 41 and 7-(3,5-dimethylpiperazinyl)
derivative 42, which exhibited 97% and 98% inhibition, respectively.

Various diclofenac acid hydrazones and amides have also been synthesized and
evaluated for in vitro and in vivo antimycobacterial activities against M.tb. [70].
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Fig. 13.6 Diclofenac acid
derivative [73]
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Preliminary results indicated that most of the compounds demonstrated higher
in vitro antimycobacterial activity (MIC = 0.0383–7.53 µM) than diclofenac (MIC
= 21.10 µM) and ciprofloxacin (MIC = 9.41 µM).

Among the synthesized compounds, 43 (Fig. 13.6) was found to be themost active
compound in vitro with MIC of 0.0383 µM and was more potent than the first-line
antitubercular drug isoniazid (MIC = 0.1822 µM) [73]. This compound was suited
for furthermodification to obtain amore efficacious and potent antituberculosis drug.

Mechanism of Action

Moxifloxacin is a broad-spectrum 8-methoxy fluoroquinolone with activity against
both Gram-positive and Gram-negative bacteria [73]. It inhibits bacterial DNA
gyrase, an enzyme that is essential for the maintenance of DNA supercoils, which is
necessary for chromosomal replications [73]. Gatifloxacin also blocks the bacterial
DNA gyrase, thereby preventing chromosomal replication.

13.3.9.2 Rifamycin Derivatives

Rifampin (rifampicin) is the cornerstone in the current treatment of TB [74].
Rifamycin derivatives, such as rifapentine, rifabutin, and rifalazil (RLZ, also known
as KRM1648 or benzoxazinorifamycin 45), have been synthesized to improve
antimycobacterial activity and prolong their half-life (Fig. 13.7).

Rifapentine was approved by the FDA in 1998 for the treatment of TB. Rifapen-
tine appears to be safe and well-tolerated at once-weekly dosing and is currently
being evaluated in Phase III efficacy trials for treatment of latent tuberculosis [65].
RLZ (rifalazil) 45 is a semisynthetic rifamycin derivative with a long half-life, which
is highly active against a range of intracellular bacteria including M. tuberculosis,
Mycobacterium avium, Chlamydia trachomatis, Chlamydia pneumoniae, and Heli-
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cobacter pylori. RLZ 45 is more active than RIF or rifabutin againstM. tuberculosis
in mice both in vitro and in vivo [75].

13.3.9.3 Oxazolidinones

Oxazolidinones, discovered at DuPont in the 1970s and later sold to Pharmacia
Upjohn, are a class of compounds that are active against a variety of Gram-positive
bacteria, including M.tb.

Linezolid 46 is the first oxazolidinone to be developed and approved by the FDA
to treat single- or multiple-resistant Gram-positive bacterial infections (Fig. 13.8)
[76].

13.3.9.4 Nitroimidazopyran

A particularly promising candidate for TB treatment is nitroimidazopyran PA824 47,
derived from 5-nitroimidazoles (Fig. 13.9) [77].
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PA824 is highly active with MIC as low as 0.015–0.250 µg/ml againstM.tb. and
MDR-TB. PA824 is a pro-drug that requires activation by a bacterial F420-dependent
glucose-6-phosphate dehydrogenase and nitroreductase to activate components that
then inhibit bacterial mycolic acid and protein synthesis [77].

13.3.10 Medicinal Plants

In most parts of Southern Africa, plants are used for medicinal purposes and have
been used to treat TB-infections. The structure of biologically active compounds
in plants varies, belonging to different classes of compounds such as alkaloids, ter-
penoids, coumarins/chromones, peptides and phenols [78]. This section focuses on
medicinal plant extracts/compounds that are currently being investigated as potential
antitubercular drugs.

Naphthoquinones exhibit a range of pharmacological properties such as antibacte-
rial [78–83], antiviral [84–86], trypanocidal [87–89], anticancer [90–92], antimalar-
ial [93–96], and antifungal activity [97–103]. A detailed study of a series of synthetic
and plant-derived naphthoquinone derivatives of the 7-methyljuglone 48 scaffold on
antibacterial activity against M.tb. was reported by Mahapatra et al. [7].

The purpose of the study was to examine the synthesis, antibacterial activ-
ity and cytotoxicity of a series of naphthoquinones [7]. The naphthoquinone, 7-
methyljuglone 48 (Fig. 13.10) has previously been isolated and identified as an

Fig. 13.10 Chemical
structure of 7-methyljuglone
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48
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active component of Euclea natalensis root extracts, which displays antitubercular
activity. Mahapatra et al. [7] showed that 7-methyljuglone exhibited the most potent
and most selective antitubercular activity of all the compounds tested.

It is well known that HIV increases a person’s susceptibility to TB infection due
to the decline of CD4+ lymphocytes in number and function, resulting in a weakened
immune system incapable of preventing the growth and local spread ofM.tb. [104]. A
challenge arises in the interaction of HIV and TB drugs in HIV and TB patients. For
example, rifampicin has been recommended not to be used concurrently with almost
all the anti-HIV NNRTIs and protease inhibitors due to their drug-drug interactions
[105].

Therefore, there is an urgent need for new compounds that can target TB but
do not interfere with drugs that are used to treat HIV. Xu et al. [105] embarked on
the evaluation of anti-HIV active pyranocoumarins for their activity against M.tb.
Focused libraries of compounds shown in Fig. 13.11 were synthesized and evaluated
for their anti-TB activity in primary screening assays [105, 106].

VhaVenda traditional healers of the Limpopo Province, South Africa use Lippia
javanica and Carica papaya to treat TB [107]. Other species such as Chenopodium
ambrosioides L. (Amaranthaceae), Nidorella anomala Steetz, Nidorella auricu-
lata DC., Senecio serratuloides DC. var. serratuloides, Cassine papillosa (Hochst)
Kuntze, Euclea natalensis A.DC. and Polygala myrtifolia L. were found to be active
against M. tuberculosis (MIC < 100 mg/ml) [108].

Compounds shown to be active were further assessed for MIC values. The amino
derivatives (58–60) exhibited MIC values of 16 µg/mL each (Fig. 13.12) [105].

13.3.10.1 1-N-Iminosugars

Two 1-N-iminosugars, 61 and 62, have been prepared as hexofuranose analogs in
an efficient manner by a Ring Closing Metathesis-based route (Fig. 13.13) [109].
Both 3,4-disubstituted pyrrolidines displayed moderate inhibitory activity against
Mycobacterium smegmatis galactan biosynthesis.

The two iminosugars 61 and 62 inhibit the biosynthesis of polysaccharides known
as galactans. Themain constituents of the galactans, galactofuranose residues, are not
encountered inmammalianmetabolism.Galactan biosynthesis, therefore, constitutes
an attractive target for potential new TB drugs lacking deleterious side effects.

13.3.10.2 Phenoxyacetic Acid Derivatives

A series of phenoxyacetic acid derivatives have also been synthesized and the in vitro
activity of the synthesized compounds againstM.tb.H37Rv (MTB) and INH-resistant
M.tb. (INHR-MTB) was studied [110].

Among the synthesized compounds, compound 63 (Fig. 13.14) was found to be
the most active against M.tb. H37Rv (MTB) and INH-resistant M.tb (INHR-MTB)
with minimum inhibitory concentration of 0.06 µg/ml.
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13.3.10.3 Diarylquinolines

Koul et al. [111] reported the antimycobacterial properties of diarylquinolines
(DARQs). Chemical optimization of a lead compound led to a series of DARQs
with potent in vitro activity against several mycobacteria, includingM.tb.Molecules
of the DARQ series have an MIC below 0.5 µg/ml against M.tb. H37Rv.

Antimycobacterial activity was confirmed in vivo for three of these compounds
and the most active compound of the class, R207910 64 (MIC99 = 0.06 µg/mL), is a
pure enantiomer with two chiral centers. The lead compound, R207910 64, not only



13 Review on Tuberculosis: Trends in the Discovery … 221

N

Br

O

N
O

H
[R]

R207910
64

[S]

Fig. 13.15 Structure of diarylquinoline derivative 64 [111]

has several properties, both in vitro and in vivo, that may improve the treatment of
TB, but also appears to act as a new target, providing an antimycobacterial spectrum
different from those of current drugs (Fig. 13.15). Its clinical potential is currently
being tested in patients.

13.4 Conclusion

After careful review with respect to first-line TB drugs and second-line TB drugs of
their mode of action, it becomes significant that the compounds have offered a signif-
icant approach towards the treatment ofMycobacterium tuberculosis (M.tb.). There-
fore, understanding the mechanisms of mycobacterial action to the anti-tuberculosis
drugs not only enables the development of more rapid molecular diagnostic tests and
furnishes implications for designing new anti-tuberculosis drugs, but it also helps to
implement measures to prevent the development resistance. Nevertheless, the devel-
opment of drug resistance methods in patients and the factors supporting resistance
development are poorly understood and necessitate further investigations. To this
effect, the findings suggest further development of anti-TB agents that may con-
tribute to the improvement of future chemotherapeutic agents frommedicinal plants.
The plants contain a diverse class of compounds which possess biologically active
agentswith activity againstMycobacterium tuberculosis (M.tb.). Isolated active com-
pounds from plant parts have exhibited excellent antitubercular activities, with IC50

values comparable to those of standard drugs.
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Chapter 14
Multivariate Analysis of Airborne
Metallic Species in Sebele, Botswana

Sello Alfred Likuku and Khumoetsile Mmolawa

Abstract A total of 63 aerosol samples were collected at the Botswana Univer-
sity of Agriculture and Natural Resources (formerly, Botswana College of Agricul-
ture) during the period of 02 April 2008–07 December 2008 and were analysed for
concentrations of Al, Co, Cu, Fe, Pb, Mn, Ni and Zn using flame atomic absorp-
tion spectroscopy. Statistical receptor models were applied to investigate potential
sources of the studied metals. Data exhibited enhanced enrichments of Zn (EFg =
76), Al (EFg = 14,391), Co (EFg = 19), Cu (EFg = 5), Pb (EFg = 3) and Ni
(EFg= 2), which were attributed to contributions from non-crustal sources, whereas
Mn and Fe (EFg < 2) were attributed to crustal origin, such as airborne dust. Data
were subjected to principal component analysis (PCA) twice. From PCA-1, two
principal components (PC) were revealed. PC-1 showed high positive loadings of
Pb, Zn, Ni and Al, whereas PC-2 had loadings for Fe and Mn. On the other hand,
PCA-2 had three principal components. PC-1 from PCA-2 showed strong loadings
for Cu, Fe and Mn. PC-2 had strong loadings of Pb, Al and Zn, whereas loadings
for PC-3 were comprised of Ni and Co. The difference between loadings of PCA-1
and PCA-2 suggested possibilities of mixed origins of the studied metals. Finally,
air mass back-trajectory analysis showed that during the sampling period, there were
only 5 cluster groups that represented significantly different transport pathways of
aerosol samples, where only Zn and Ni mean concentrations revealed dependence on
geographical origin of aerosol samples. Results of the analysed concentrations of Al,
Co, Cu, Fe, Pb, Mn, Ni and Zn in aerosol samples showed that the presence of Fe and
Mn in the atmosphere in the ambient air of Sebele is mainly due to contributions from
lithogenic sources. Pb, Ni, Co, Al and Zn exist because of anthropogenic sources,
whereas presence of Cu arises because of mixed origins. Trajectory analysis further
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shows that the anthropogenic Zn and Ni could also be present in the air sampled due
to air mass transportation from distant sources.

Keywords Heavy metals · Geometric enrichment factors · Factor analysis ·
Back-trajectory analysis · Principal component analysis

14.1 Introduction

Airborne particulate matter is introduced in the atmosphere from a variety of natural
(involving wind-blown dust) and anthropogenic (such as industrial processes and
automobile emissions) sources and are small enough to be suspended in the air [1,
2]. These have negative effects on air quality and human health such as increased
incidence of cardiovascular and respiratory diseases [3]. According to reports by
the World Health Organisation, around 7 million people died in 2012 as a result of
air pollution exposure [4]. These findings were based on data revealing strong links
between both indoor and outdoor air pollution exposure and cardiovascular diseases,
such as strokes and ischaemic heart disease, as well as between air pollution and
cancer.

Research has revealed that the chemical composition of particulate matter, such
as the presence of small amounts of toxic chemicals, is a more appropriate parameter
for the assessment of particulate health effects as opposed to their mass concentra-
tions [5, 6]. Thus, metallic species are a class of atmospheric pollutants that are key
determinants of the health effects of particulate matter and appropriate identification
and quantification of their sources and a comprehensive assessment of the risks they
pose to human health are essential in prioritising mitigation requirements.

In light of the above, we characterised ambient concentrations of airborne metal-
lic species with respect to eight elements: Al, Co, Cu, Fe, Pb, Mn, Ni and Zn in
aerosol samples collected from Sebele, approximately 8 km from the capital city,
Gaborone. Botswana is a moderately industrialised country with a relatively sparse
population and pollution is probably not perceived to be a major problem at present.
However, widespread vegetation fires and dust in the dry winter months result in
high background levels of aerosols and ozone. Other sources of atmospheric pollu-
tion in Botswana are emissions of ultra-fine fly ash particles enriched with Co, Pb
and Mn from the copper-nickel smelter emissions and the coal-powered Morupule
power station in Palapye, which are approximately 400 and 300 km north east of the
sampling station, respectively.

Recently, there has been an increasing influx of grey imports of passenger and
other types of vehicles which are widely used within the city of Gaborone and many
othermajor towns and villages inBotswana. These, togetherwith an increased growth
of light industry, could be a future source of air pollutants thatmay also lead to greater
air pollution impacts.

This chapter brings together knowledge and skills attained through a research
project entitled: “Factors influencing ambient air concentrations of pollutant species
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in Gaborone”. The chapter will elucidate heavy metal sources in particulate matter
by applying multivariate statistical techniques and finally locate their geographical
potential source regions via application of back-trajectories models.

14.2 Materials and Methods

14.2.1 Site Description

The climate controls of Botswana are influenced by the prevalent subtropical high-
pressure belt that is dominant over southern Africa, which is, except in a few winter
months (May–July), split by the continent to become theAtlantic OceanHigh and the
IndianOceanHigh. The country has a semi-arid climate, with highly variable rainfall,
both spatially and temporally. On annual averages, rainfall ranges from250mm in the
extreme southwest to 650mm in the extreme north [7]. The seasons are characterized
by November–January (summer), February–April (autumn), May–July (winter) and
August–October (spring). The summermonths are generally wet and hot (20–40 °C),
while the winter months are dry and cold (−5 to 20 °C).

The sampling site is approximately 8 km from the capital city of Botswana,
Gaborone located within the Botswana University of Agriculture and Natural
Resources on the roof top of a building which is 10 m above ground level (24.59°
S, 25.94° E; 1004 m ASL). This site is close to commercial malls and the major
highway with heavy traffic of the A1 road connecting the city and the northern part
of the country (Fig. 14.1).

Fig. 14.1 Map of Botswana showing the sampling site in this study
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14.2.2 Sampling Protocol

Collection of aerosol samples was done during the period of 02 April 2008–07
December 2008 and were analysed using a high volume sampler placed on the roof
top and set to a flow rate of 1.7 m3 min−1. Sample duration was set to 72 h continuous
sampling sucking in approximately 5000 m3 through 20.3 by 24.5 cm glass fibre
filter papers. The filter papers were preconditioned for 48 h in an oven at 25 °C and
40 ± 5% relative humidity and then weighed before and after the sampling using
SartoriusME 36Smicrobalance and concentrations were determined gravimetrically
by subtracting the pre-sampling filter weight from post-sampling filter weight.

14.2.3 Chemical Processing and Analysis

Five hundredmilligrams of the sample filters were digested in 20ml freshly prepared
aqua regia (1:3 HNO3: HCl) on a hot plate for 3 h. After evaporation to dryness,
samples were re-dissolved in 20 ml of 1% HNO3, filtered through a 0.45 μm filter
paper and then transferred into a 100 ml volumetric flask. The flask was filled to the
mark with 1% HNO3 v/v (diluted in deionised H2O). Standard reference material
was prepared using stock solution from SAARCHM and MERCK and was used to
have a check on the accuracy of the results. The total concentrations of Al, Co, Cu,
Fe, Pb, Mn, Ni and Zn in the filtrates were then determined using a flame atomic
absorption spectrometer (Varian SpectrAA 220 FS) at wavelengths, λ (nm): Al =
309.3; Co = 240.7; Cu = 324.8; Fe = 372.0; Pb = 217.0; Mn = 279.5; Ni = 232.0
and Zn = 213.9, using air acetylene flame.

14.2.4 Analytical Quality Control

The National Institute of Standards and Technology (NIST) SRM1649a (urban dust)
was processed in the same way as the aerosol samples to validate experimental data
obtained from extractedmetal. Implementation of laboratorymethods and laboratory
quality assurance included the use of standard operating procedures, calibration with
standards and analysis of reagent blanks outlined by Suvarapu and Baek [8]. The
AAS was optimised and a calibration curve was produced using standards prepared
from pipettes of 5 ml each of the 1000 mg/l stock solutions of Cu, Mn, Zn, Ni and
10 ml for Fe. Calibration curves for Cu, Mn, Zn, Ni and Fe were then prepared using
the stock solutions. In the case of Co, 1.0 g of metal was dissolved with 1:1 nitric acid
and the solution was diluted to 1 L to give 1000 μg/mL. For Al, 1.0 g was dissolved
in 20 mL hydrochloric acid with the addition of a trace of a mercury salt to catalyze
the reaction. Finally, the solution was diluted to give 1000μg/mLAl. The calibration
curves were linear in the concentration range with linear least-square fit regression



14 Multivariate Analysis of Airborne Metallic Species in Sebele … 233

coefficients of R2 > 0.996. The instrumental parameters were set depending on the
type of analysis done and samples were analysed in triplicate to ensure precision.
Data reported are the means computed from triplicate analysis. Relative standard
deviation (RSDs) were less than 12%. The percent recovery of the analysed metals
was between 85 and 115%.

14.3 Results and Discussion

14.3.1 Metal Concentrations

Time series of airborne metal concentration data, precipitation and wind speed
during the sampling period are tabulated in the Appendix. Data revealed enhanced
mean concentrations of Al (t = 10.57; df = 61; P = 0.0000) and Zn (t = 26.61; df
= 61; P = 0.0000) for aerosols measurement collected during 02/04/08–19/05/08:
3900± 1400 ng/m3 for Al and 1400± 560 ng/m3 for Zn, compared to those obtained
during the rest of sampling periods: 2300 ± 680 ng/m3 for Al and 60 ± 20 ng/m3 for
Zn. Similarly, Pb was observed to exhibit a higher mean concentration (6± 2 ng/m3)
during the same period but was almost undetectable in most samples during the rest
of the sampling period. Nickel exhibits a high mean concentration (t = 4.67; df =
14; P = 0.0004) of 4± 1 ng/m3 during the 02/04/08–19/05/08 period as compared to
the period 13/11/08–07/12/08 (mean concentration of 1.3 ± 0.3 ng/m3) and variable
levels (ND-1.76 ng/m3) in between the two periods. Cobalt, however, showed rela-
tively lower mean concentrations of 1.2± 0.3 ng/m3 (t= 8.92; df= 14; P = 0.0000)
during the 02/04/08–19/05/08 period as compared to the period 13/11/08–07/12/08
(5 ± 1) ng/m3. There was no observable pattern in mean concentrations throughout
the sampling period for the other studied metals (Cu, Fe and Mn).

Logarithmic transformation of data was performed to permit valid statistical infer-
ence for skewed metal concentration data and as a result, the geometric mean values
were reported because they are a better measure of central tendency of this data type
than the usual sample mean [9]. The aerosol data were log-normally distributed. The
geometric mean and geometric standard deviations of the heavy metals with guide-
lines for specific metals are given in Table 14.1this. Observations showed a high
variability (min–max) in the concentrations of each metal.

Correlation of the different elements in the air samples andmeteorological param-
eters were calculated using the non-parametric Spearman Rank method. Table 14.2
shows the correlation between metals and some meteorological parameters (rainfall
and wind speed). Significantly high negative correlation (P = 0.001) were observed
between Cu, Fe, Mn, Ni and Pb with wind speed. Rainfall also revealed high (P =
0.001) negative correlations with Cu, Fe and Mn. No significant correlations were
however observed between rainfall and Al, Co, Ni, Pb and Zn. Similarly, there were
no significant correlations between wind speed and Al, Co and Zn. Inter-elemental
correlations were also observed between some metals.
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Table 14.1 Basic statistics for the measured aerosol concentrations with guidelines for specific
metals

Metal Measured metal concentrations
(ng/m3)

Emission guideline metal
concentrations (ng/m3)

---------------------------------------------
-------------

------------------------------------------------
----------------------------------------

Min–Max GM GSD Annual averages Reference source

Al 493.82–5354.18 1452.04 1.32 – –

Co (2007) 0.13–262.69 2.03 1.36 5 United Kingdom
Air Quality
Standards [17]

Cu 0.94–35.43 2.74 1.24 – –

Fe 37.22–1163.88 410.21 1.49 – –

Mn 4.69–28.20 13.22 1.18 150 World Health
Organization [18]

Ni (2007) 0.01–5.96 0.67 1.79 20 United Kingdom
Air Quality
Standards [17]

Pb 0.07–9.00 0.64 2.23 500 World Health
Organization [18]

Zn 13.30–3224.44 92.70 5.17 – –

14.3.2 Source Apportionment of Metallic Species

14.3.2.1 Enrichment Factor Analysis

Enrichment factors (EF) of metallic species in aerosol samples were determined
based on the crustal abundance of elements given by Taylor [10] and that such
elements, for example, Fe, Si, Al and Ti, have stable chemical composition, low
spatial variability and are often less affected by human disturbances [11].

In this work Fe was used as first step in evaluating the degree of enrichment and
the potential strength of metallic species emitting sources, following the method
proposed by Zoller et al. [12] as described in Eq. (14.1).

EF =
(
Species

/
Fe

)
Air(

Species
/
Fe

)
Ref

(14.1)

where (Species/Fe)Air and (Species/Fe)Ref refer to concentration ratios of element to
Fe in air and crust, respectively.

Evaluation of the geometric mean enrichment factor EFg for individual heavy
metals was determined by Eq. (14.2) [13]:
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EFg = exp

[
1

N

N∑

i=1

EFi

]

(14.2)

where metallic species EFg up to 2 are not considered to be enriched. Species with
2 < EFg ≤ 20 are moderately enriched and those with EFg > 20 are considered to be
highly enriched and have different sources other than the crust.

Figure 14.2 presents results of geometrical enrichment factors of the metals.
The EFg values of Zn (EFg = 76) and Al (EFg = 14,391) showed high enrichment

of metals. Co (EFg = 19), Cu (EFg = 5), Pb (EFg = 3) and Ni (EFg = 2) are
moderately enriched. Thus, these metals can be considered to possess contributions
from non-crustal sources, whereas Mn and Fe (EFg < 2) could be of crustal origin,
such as the airborne dust.

Comparatively high mean concentrations of Al, Zn, Pb and Ni observed during
sampling dates of 02/04/08–19/05/08 (bold dates in Appendix) compared to con-
centration means for the rest of sampling periods were ascribed to enhanced local
dust emissions and anthropogenic activities. Aluminium generally comes from the
crust due to its abundance in most soils whereas Zn, Pb and Ni may enter the atmo-
sphere through industrial activities and burning of fossil fuel. During the period of
02/04/08–19/05/08 and before, there were a considerable number of soil excavation
activities within the college campus, in preparation for construction of a number of
buildings such as students’ residential, lecture theaters and staff office blocks. This
resulted in high Al concentrations due to local dust re-suspension by wind convec-
tion processes. Similarly, tear and wear and exhaust emission from machinery used
during the excavation processes on the site also contributed to high concentration
levels of Zn, Ni and Pb. Lead, Zn and Ni are often associated with fuel burning [14,
15]. Additionally, Zn is considered a good marker for tyre wear emissions [16].

The geometric mean concentrations of Co, Fe, Ni, Mn, Pb and Zn are within the
lower range (Table 14.1) of the annual average guidelines [17, 18], suggesting very
little to no effect of anthropogenic activities on air quality at the site. However, in

Fig. 14.2 Geometrical
enrichment factors of the
studied metals
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the assessment of potential effect of the measured metals to air quality at the site,
baseline concentrations should be always considered to obtain a preliminary idea
about possible sources of different elements, that is, crustal or anthropogenic. As can
be seen from Fig. 14.2, geometric enrichment factors for Al and Zn (EFg = � 20) are
high suggesting that the metals may have resulted from anthropogenic sources. Park
and Dam [19] reported enhanced levels of Zn concentrations at a sampling station
in Korea, which were ascribed to dust coming from highly industrialized zones in
China during long-range transport.

Al normally represents elements of earth origin. In this study however, highly
enriched Al suggests contributions from construction activities, particularly during
the sampling period of 02/04/08–19/05/08 (see Appendix). These results are sup-
ported by their correlation (r = 0.66; P = 0.01) as shown in Table 14.2, suggesting
that the two (Al and Zn) may have originated from similar sources. Similarly, the
highly enriched Co (EFg = 19) having correlation coefficients, r = 0.34; P = 0.01
with Al and r = 0.41; P = 0.01 with Zn and moderate enrichments of Cu, Pb and
Ni suggest contributions from anthropogenic sources. This analysis will however be
clarified further by principal component analysis which will be explained later in
this discussion.

As expected, significant negative correlations of rainfall (P = 0.01) with Cu, Fe
andMn are a result of washout of atmospheric particles by rainfall which also tends to
reduced re-suspension of crustal dust. Similarly, significant negative correlations of
wind speed (P= 0.01) with Cu, Fe,Mn, Ni and Pb suggest high dispersion conditions
leading to lower aerosol concentrations. On the other hand, Al, Co, Ni, Pb and Zn
show insignificant correlations with rainfall amount. Although this was unexpected,
this may suggest that these elements occur in significantly different aerodynamic
diameters, resulting in different settling times or washout ratios. Insignificant corre-
lations between wind speed and Al, Co and Zn however suggest that these elements
are probably originating from both local and distant sources.

14.3.2.2 Principal Component Analysis

Principal Component Analysis (PCA) is a dimension-reduction tool useful in reduc-
ing a large set of variables to a small set called principal components with the aim
to clarify relationships between variables for easy analysis and interpretation. Prin-
cipal Component Analysis was then performed to further establish possible factors
that contribute towards the metal species concentrations and source apportionment.
The number of significant Principal Components (PC) was selected on the basis of
Varimax orthogonal rotation with Kaiser Normalisation with eigenvalues greater
than 1.

Due to the observed mean concentrations differences of Al, Zn, Pb and Ni metal
contents in aerosols for the dates 02/04/08–19/05/08 compared to means for the rest
of sampling periods, data sets were subjected to principal component analysis twice:
(1) with all data set combined together (PCA-1), and (2) data for 25/05/08–07/12/08
(PCA-2). Results obtained from the PCA-1 and PCA-2 are presented in Figs. 14.3
and 14.4, respectively.
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Fig. 14.3 Results of the
Principal Component
Analysis (PCA-1)

Fig. 14.4 Results of the
Principal Component
Analysis (PCA-2)

PrincipalComponentAnalysis (PCA-1): Twoprincipal components comprising
72.01% cumulative total variance were retained after Varimax orthogonal rotation,
because subsequent eigenvalues were less than 1. The factor loadings are presented
in Table 14.3. The first principal component (PC-1) accounting for 44.8% variance
shows high positive loadings of Pb, Zn, Ni and Al, whereas the second component
PC-2 accounted for 27.3% of high positive loadings for Fe and Mn.

Cobalt and copper had very weak communalities (~0.4). This suggests that the
two are not in common with other metals studied, as depicted in Fig. 14.3.
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Table 14.3 Factor loadings
and communalities of metals
(PCA-1)

Element PC-1 PC-2 Communalities

Pb 0.968 −0.023 0.937

Zn 0.959 −0.036 0.920

Ni 0.926 0.004 0.858

Al 0.901 −0.043 0.813

Fe 0.106 0.912 0.842

Mn 0.154 0.907 0.847

Co 0.124 −0.629 0.411

Cu −0.078 0.356 0.133

Eigen values 3.581 2.180

% of Variance 44.761 27.251

Cumulative % 44.761 72.013

Table 14.4 Factor loadings and communalities of metals (PCA-2)

Element PC-1 PC-2 PC-3 Communalities

Cu 0.987 −0.030 −0.097 0.984

Fe 0.983 −0.069 0.169 0.999

Mn 0.964 −0.178 −0.004 0.962

Pb 0.341 0.877 −0.234 0.940

Al −0.395 0.805 0.043 0.806

Zn −0.216 0.705 −0.316 0.643

Ni 0.345 −0.134 0.894 0.936

Co −0.407 −0.275 0.868 0.994

Eigen values 3.473 2.045 1.747

% of Variance 43.409 25.565 21.831

Cumulative % 43.409 68.974 90.806

Principal Component Analysis (PCA-2): Principal Component Analysis (PCA-
2) revealed three component factors which comprised of 90.81% cumulative total
variance (Table 14.4). PC-1 explains 43.41% of variance in the data set and has very
strong loadings for Cu, Fe and Mn. The second principal component accounts for
25.57% of the variance and has strong loadings for Pb, Al and Zn. The last principal
component (PC-3) accounted for 21.83% of the variance in the data set, with strong
loadings for Ni and Co.

It is evident from the rotated component matrix depicted in Fig. 14.4 that all the
eight metals analysed can be explained by three principal components. Furthermore,
the communalities of the elements were very strong (> 0.8), which indicates that the
retention of the three components was sufficient to explain all variances of the metals
(Table 14.4).
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From PCA-1, PC-1 was characterized by Pb, Zn, Ni and Al and PC-2 by Fe and
Mn. PC-1 supports observed correlations depicted in Table 14.2. Thus, on the basis
of these observations and the corresponding moderate to high EFg values (Fig. 14.2),
Pb, Zn, Ni and Al exist possibly because of anthropogenic contributions. Fossil fuel
combustion, traffic emissions, wear of brake lining materials and several industrial
processes are considered as major sources of Pb, Zn and Ni [20, 21].

Although elevated EFg values of Al were unexpected, its presence in elevated
forms and association with Pb, Zn and Ni could be attributed to industrial activities
during construction. PC-2 (Fig. 14.3) was characterized by Fe andMn. This supports
the high correlation (r = 0.86; P = 0.01) between these metals (Table 14.2). The
natural sources of Fe (~98%) vastly dominate its anthropogenic input [22], thus, Fe
and Mn probably indicate soil mineral particles. The enrichment value of unity for
Mn (taking into account that Fe was used for reference material) further suggests
crustal origin of both metals, such as the airborne dust.

On the other hand, the second factor analysis (PCA-2) revealed three component
factors which were comprised of 91% total cumulative variance. PC-1 was character-
ized by Cu, Fe and Mn (Table 14.4). Since Fe and Mn are tracers for natural sources
and this PC has strong communalities of 0.999 and 0.962, respectively, it indicates
the association of Cu, Fe andMn with crustal sources. From the previous discussion,
moderate EF values (Fig. 14.2) reported for Cu, Pb and Zn were suggested to be
associated with contributions from anthropogenic sources. In this regard, the pos-
sibility of Cu resulting from both lithogenic and anthropogenic sources cannot be
ruled out. However, according to results obtained from PCA-1 (Table 14.3), Cu had
insignificant factor loadings in PC-1 but relatively weak loadings in PC-2 (elements
which are characterized as either lithogenic or anthropogenic), whereas in PCA-2, Cu
was strongly associated with the lithogenic Fe and Mn. These findings suggest that
existence of copper in the measured aerosol samples in Gaborone is almost entirely
due to lithogenic sources.

The second principal component (PC-2) was characterized by Pb, Al and Zn,
which was ascribed to local anthropogenic sources. Since the sampling station was
a few hundred metres away from the only highway connecting the city of Gaborone
with the northern part of the country, high levels of Pb in air samples might be asso-
ciated with fossil fuel consumption, whereas Zn levels could be a result of wear and
tear of vulcanized rubber tyres, lubricating oils and corrosion of galvanized vehic-
ular parts. As discussed before, the presence of Al in PC-2 is a result of emission
from the local construction activity during the sampling period. Lastly, PC-3 was
characterized by Co and Ni. Ni is commonly associated with emissions from indus-
tries such as electroplating, ferrous and non-ferrous foundries [13]. It was however
difficult to associate the presence of Co and Ni with such industrial activities since
the authors could not identify such industries within the sampling vicinity. In that
case, interpretation of these results will be discussed in conjunction with findings
from back-trajectory analysis.
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14.3.2.3 Back Trajectory Analysis

Three-day back trajectories arriving at Sebele (24.59° S, 25.94° E) were computed
using the PC Version 4.9 of the National Oceanic and Atmospheric Administration
(NOAA)’s Air Resources Laboratory (ARL) Hybrid Single Particle Lagrangian Inte-
grated Trajectory (HYSPLIT) [23] for the sampling period (April–December 2008).
Themodel was run using Global Data Assimilation System (GDAS) archivedmeteo-
rological data to determine airmass origins.As a controlmeasure for self-consistency,
trajectories were run three times daily with ending times of 06h00, 12h00 and 18h00
UTC (Coordinated Universal Time). Three different pressure levels corresponding
to 500, 1000 and 1500 m above ground level (AGL), were run to determine the
possibilities of shear within each six-hour time step. Trajectories found to have sub-
stantially different paths within the 500, 1000 and 1500 m AGL for a given model
run were excluded from the calculations to avoid the possibility of shear in airflow.
Then, only the 72 h back trajectories arriving at 12h00, 500 m AGL were considered
in the calculations. The choice for 72 h back trajectories is supported by the fact that
the mean aerosol lifetime is ~3 days whereas the 500 m elevation was considered
to be within the mixing layer of the atmosphere. The arriving time of 12h00 UTC
was chosen arbitrarily since there were no observed differences in trajectory paths
between the 06h00, 12h00 and 18h00 ending times.

Themeasuredmetal concentration data for each element analysed were then asso-
ciated with their corresponding 72 h back trajectory arriving at the sampling site to
identify potential source regions. This was achieved by computing t-tests to deter-
mine whether the average metal concentrations associated with each cluster were
significantly different. The air mass backward trajectories ending at the sampling
station at an altitude of 500 m AGL for 25/05/08–07/12/08 sampling period using
the HYSPLIT model are given in Fig. 14.5.

From the 63 back trajectories generated, 51were consistent in air flow and are thus
shown in Fig. 14.5a. After applying cluster analysis, the cluster plots indicating the
percentage change in total spatial variance as clusterswere combined and suggested 4
cluster groups and their percentage changes were as follows: 9 (57.19%), 5 (94.04%),
3 (46.32%) and 2 (252.45%). Cluster group 5 (94.04%)was then selected on the basis
that it has enough clusters that represent different transport patterns and yet not so
many to obscure the pattern (Fig. 14.5b).

The geometrical mean concentrations of heavy metals in aerosols for each cluster
were then calculated. Table 14.5 shows the mean concentrations of heavy metals for
data set sampled on 25/05/08–07/12/08. Mean concentrations for Co and Pb are not
included since they were not detected in most of the samples during this study period
(see Appendix).

Only Zn andNimean concentrations (Table 14.5) were found to exhibit geograph-
ical dependence as shown in Fig. 14.5. Trajectories in CL 2 carry aerosol particles
which are relatively rich (p < 0.5) in Zn atoms compared to trajectory clusters 4 and 5.
However, there is no significant differences in Zn mean concentrations between CL
1 and CL 3. Trajectory clusters 2 and 3 are slow-moving and continental. Air masses
with high residence times over the continent and slow moving will tend to acquire
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1
(35%)

5
(10%)

4
(16%)

2
(10%)

3
(29%)

(a)

(b)

Fig. 14.5 a 72 h backward trajectories and b the corresponding cluster means
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Table 14.5 Trajectory membership, geometric mean and geometric standard deviation per cluster
(CL 1–5)

Geometric mean ± Geometric standard deviation (ng/m3)

Cluster Al Cu Fe Mn Ni Zn

CL 1 1280 ± 460 2.6 ± 1.0 410 ± 230 12.4 ± 5.6 0.9 ± 0.5* 67 ± 21

CL 2 1210 ± 320 3.3 ± 1.0 510 ± 200 14.9 ± 4.1 1.1 ± 0.4* 80 ± 22*

CL 3 1380 ± 460 2.6 ± 0.8 530 ± 300 15.2 ± 6.6 1.0 ± 0.5* 63 ± 20

CL 4 1560 ± 730 6.7 ± 11.6 470 ± 240 12.7 ± 6.7 0.3 ± 0.4* 53 ± 18*

CL 5 1000 ± 280 3.1 ± 0.7 500 ± 140 13.4 ± 3.7 0.6 ± 0.8 51 ± 28*

Mean 1310 ± 490 3.4 ± 4.6 470 ± 240 14.1 ± 5.5 0.8 ± 0.5* 63 ± 22*

*Metal concentrations are significantly different (P < 0.05) between clusters as will be explained
in text

characteristics distinctive to the land they are ambient to. Therefore, enhanced Zn
concentrations associated with these air masses are results of industrial activities
along the southern belt (CL 2) of Botswana and those that are along the eastern sides
of Botswana (CL 3). Trajectory CL 1 is also along CL 3, but fast moving, with 1/3
of its entire time over the ocean before reaching the sampling station. It is expected
that CL 1 be similar to CL 3, but slightly diluted by the oceanic clean air, as can be
depicted from results in Table 14.5. A similar argument holds for observations made
with Ni mean concentrations in clusters 1, 2 and 3, which are significantly (p < 0.5)
high compared to Ni concentrations in cluster 4.

Further to the above, air mass trajectories provide information as to whether
metal concentrations obtained from the study are local pollutants or transported from
elsewhere, with the possibility of being trans-boundary. As discussed previously, the
presence of Ni and possibly Co in the aerosol samples measured in the study could
possibly be due to both local and trans-boundary contributions.

14.4 Conclusion

Correlations between Cu, Fe, Mn, Ni and Pb and rainfall and wind speed were
observed. However, no significant correlations were observed between rainfall and
Al, Co, Ni, Pb and Zn. Similarly, there were no significant correlations between wind
speed and Al, Co and Zn. A large number of data set is needed to improve statistical
significance for correlation analysis to be successful.

Factor analysis reveals that Pb, Ni, Co, Al and Zn exist because of anthropogenic
contributions, whereas, Fe and Mn are from lithogenic sources. On the other hand,
Cu exists from mixed sources.

Back-trajectories were used to locate geographical potential source regions of
heavy metals. The presence of Zn and Ni in the aerosols measured at Sebele is due
to air mass transportation processes.
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Appendix

Dates (DDMMYY) Mean metal concentrations (ng/m3) Rain Wind

Deployed Removed Al Co Cu Fe Mn Ni Pb Zn mm m/s

02/04/08 05/04/08 2483.00 0.91 2.07 282.67 8.70 2.58 3.90 1614.49 0.00 16.86

05/04/08 08/04/08 3774.59 0.88 2.89 401.12 13.24 2.14 7.01 1517.73 0.00 15.42

08/04/08 11/04/08 3145.57 1.50 1.91 310.43 10.16 3.05 4.03 1715.71 0.00 21.64

23/04/08 26/04/08 4033.46 1.32 3.53 545.93 19.90 3.19 5.95 2012.26 0.00 21.26

27/04/08 30/04/08 5047.02 1.48 3.48 1043.82 21.31 4.60 5.75 2606.00 0.00 17.38

10/05/08 13/05/08 2847.27 1.44 2.27 271.09 11.44 2.46 5.14 3224.44 0.00 19.25

13/05/08 16/05/08 4565.22 1.22 3.09 500.17 14.37 4.57 8.10 2742.62 0.00 18.44

16/05/08 19/05/08 5354.18 0.62 3.92 568.07 19.76 5.96 9.00 3077.38 0.00 29.53

25/05/08 28/05/08 1248.71 ND 0.94 134.24 7.04 0.92 ND 95.11 3.50 37.22

28/05/08 31/05/08 493.82 ND 3.75 426.12 13.98 1.01 0.44 31.68 0.00 18.47

01/06/08 04/06/08 1115.79 ND 2.33 402.27 12.48 1.42 ND 73.81 5.50 28.58

04/06/08 07/06/08 1371.42 ND 2.86 387.90 12.12 0.82 ND 91.35 0.00 14.32

07/06.08 10/06/08 1362.85 ND 2.68 368.77 12.57 0.72 ND 94.94 0.00 18.30

11/06/08 14/06/08 1115.56 ND 4.21 609.77 17.20 1.03 0.63 64.11 0.00 18.60

14/06/08 17/06/08 1339.96 ND 3.08 725.44 20.58 1.34 ND 80.86 0.00 23.35

17/06/08 20/06/08 1111.57 ND 1.66 508.57 13.49 1.09 ND 75.53 0.00 47.24

20/06/08 23/06/08 1298.05 ND 2.00 447.75 15.04 1.07 0.07 93.45 0.00 28.03

23/06/08 26/06/08 1490.81 ND 5.08 841.32 21.88 1.60 0.18 95.54 0.00 18.38

26/06/08 29/06/08 791.26 ND 3.40 663.12 17.85 1.22 ND 43.49 0.00 14.69

29/06/08 02/07/08 692.06 ND 3.72 572.03 15.53 0.88 ND 42.82 0.00 18.97

02/07/08 05/07/08 848.44 ND 1.79 603.88 18.39 1.15 ND 45.08 0.00 28.02

06/07/08 09/07/08 1123.44 ND 2.68 671.16 19.11 1.16 ND 55.53 0.00 27.51

09/07/08 12/07/08 1029.02 ND 2.54 465.80 15.22 0.88 ND 71.77 0.00 42.85

12/07/08 15/07/08 669.13 ND 2.14 142.74 6.97 0.48 ND 50.06 6.00 39.38

15/07/08 18/07/08 1004.36 1.23 3.99 356.86 14.28 0.77 0.28 76.48 0.00 39.06

18/07/08 21/07/08 1090.90 ND 3.42 510.78 15.16 0.96 ND 82.74 0.00 24.35

21/07/08 24/07/08 1180.97 ND 2.71 512.17 15.64 1.21 0.08 66.50 0.00 25.86

04/08/08 07/08/08 1312.00 ND 4.14 944.80 27.73 1.34 0.09 55.18 0.00 22.38

07/08/08 10/08/08 1114.19 ND 4.69 1163.88 28.20 1.53 ND 44.51 0.00 22.85

10/08/08 13/08/08 1070.68 0.18 2.39 684.19 19.60 1.12 ND 53.46 0.00 21.63

13/08/08 16/08/08 1044.46 ND 1.66 679.81 17.23 0.39 ND 43.38 0.00 37.92

16/08/08 19/08/08 1578.76 ND 1.04 422.14 10.08 ND ND 77.18 0.00 74.06

19/08/08 22/08/08 1320.90 ND 2.23 454.27 11.64 ND ND 65.72 0.00 36.47

22/08/08 25/08/08 1184.85 ND 2.70 590.64 13.75 ND ND 59.56 6.00 32.50

26/08/08 29/08/08 599.25 ND 35.43 637.07 15.85 0.01 ND 21.71 0.00 30.42

(continued)
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(continued)

Dates (DDMMYY) Mean metal concentrations (ng/m3) Rain Wind

Deployed Removed Al Co Cu Fe Mn Ni Pb Zn mm m/s

29/08/08 01/09/08 1525.47 ND 3.78 814.79 20.30 ND 0.09 53.60 0.00 32.63

01/09/08 04/09/08 696.04 ND 3.04 663.60 18.71 0.14 ND 24.90 1.70 34.78

04/09/08 07/09/08 1837.20 ND 2.98 748.20 20.96 1.47 ND 76.08 0.00 43.19

08/09/08 11/09/08 1572.25 0.20 3.40 823.40 21.42 0.46 ND 68.22 0.00 36.76

11/09/08 14/09/08 1568.19 ND 1.84 357.20 10.26 0.14 ND 51.00 0.00 47.42

15/09/08 18/09/08 1363.02 0.20 3.13 593.86 14.24 0.24 ND 34.88 0.00 45.80

18/09/08 21/09/08 700.17 ND 2.83 486.33 14.48 0.15 ND 13.30 0.00 44.28

21/09/08 24/09/09 1305.41 ND 3.04 644.52 16.40 0.05 ND 23.55 6.00 33.77

24/09/08 27/09/08 2038.99 ND 4.21 37.22 22.58 0.25 ND 36.27 0.00 38.38

27/09/08 30/09/08 2996.07 0.13 2.31 386.33 12.22 0.22 ND 57.05 0.00 64.50

07/10/08 10/10/08 3107.55 ND 2.62 634.12 17.77 0.34 ND 55.18 0.00 47.31

10/10/08 13/10/08 757.10 ND 3.02 608.15 14.77 0.01 ND 27.81 0.00 37.82

13/10/08 16/10/08 2502.41 3.82 2.95 633.04 16.89 1.21 ND 94.66 0.00 49.59

23/10/08 26/10/08 1022.07 4.11 2.05 388.03 9.71 0.93 ND 37.94 6.00 75.73

26/10/08 29/10/08 637.86 0.31 2.19 289.53 7.01 0.03 ND 40.98 0.00 45.77

29/10/08 01/11/08 2154.42 ND 2.65 470.64 12.57 0.07 ND 82.10 0.00 51.29

01/11/08 04/11/08 2203.97 ND 2.59 351.34 10.63 0.59 ND 79.99 5.00 69.30

04/11/08 07/11/08 2131.34 ND 2.66 371.66 10.37 0.28 ND 73.81 4.00 77.26

07/11/08 10/11/08 1805.32 0.96 1.85 119.09 4.69 0.04 ND 68.02 29.50 67.01

10/11/08 13/11/08 2159.48 ND 2.38 141.11 4.82 1.00 ND 78.72 29.70 45.76

13/11/08 16/11/08 2126.56 2.87 2.26 159.28 7.27 0.78 0.51 93.78 18.50 34.39

16/11/08 19/11/08 1516.56 4.29 1.66 135.15 7.06 1.42 ND 85.21 22.50 55.97

19/11/08 22/11/08 1394.34 4.99 1.46 109.63 5.73 1.12 0.22 83.34 9.20 40.37

22/11/08 25/11/08 1057.21 4.11 2.15 165.67 6.62 1.12 0.14 89.16 2.20 25.43

25/11/08 28/11/08 1445.61 5.73 2.56 318.78 10.20 1.60 ND 74.94 0.00 41.70

28/11/08 01/12/08 1335.75 6.25 2.82 271.56 10.87 1.50 0.08 75.49 0.00 49.51

01/12/08 04/12/08 1185.38 4.36 3.99 462.28 13.87 1.76 0.40 78.90 0.00 53.23

04/12/08 07/12/08 1366.15 5.75 1.98 194.39 8.56 1.17 0.13 63.80 24.00 57.27

ND Not detected
Dates in DD/MM/YY format
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Chapter 15
Physicochemical Properties and Heavy
Metals Accumulation in the Plant, Soil
and Water from Municipal Landfill
in Alice, South Africa

Nontobeko Gloria Maphuhla, Adebola O. Oyedeji, Francis Bayo Lewu,
Opeoluwa O. Oyedeji and Muinat Nike Lewu

Abstract Many places around the world are faced with environmental challenges
such as unacceptable waste disposal and pollution of water resources. Heavy metal
pollution of soil, water, and plants, and their health effect on people is a persistent
social issue. Numerous researches have highlighted the health risks of residents in
close proximity to open dumpsites. Dumpsites are sources of heavy metal impurity
and toxicity to the surrounding environment. This study aimed to investigate two sites
(site A and control site B) for their physicochemical properties and concentrations of
heavy metals in the soil, water and plants in and around these sites. Concentrations
of four heavy metals, namely: Cu, Hg, Mn and Pb in the plant, water, and soil
samples were measured using atomic absorption spectrophotometry (AAS) after
sample digestion. Soil pH for both sites ranged from slightly acidic (6.67) to neutral
(7.09), which falls within the normal range suggested byWHO.The physicochemical
parameters of soil and water were found to be within the normal range, except
electrical conductivity inwaterwhichwas above the permissible limits recommended
by WHO. Dumpsite soils (site A) had higher heavy metal concentrations compared
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to site B. A noteworthy observation was the fact that Hg concentrations were the
only one found to exceed the maximum permissible levels in soil (ranging from 1.08
to 8.45 mg/kg), Acacia karroo (1.71–13.27 mg/kg), and water (11.42–55.04 mg/L)
while Mn only exceeded this limit in water samples (ranging between 0.023 and
1.106 mg/L). High Hg concentration in this study is a thing of concern.

Keywords Acacia karroo · Heavy metals accumulation · Landfill sites · Soil
contamination · Water pollution

15.1 Introduction

One of the most valuable nation’s assets is soil and it is the characteristic resource
that determines the region’s wealth. In soil heavy metals pollution changes the com-
position and the activity of microbial soil communities. The bioactivity, richness and
microbial diversity decrease with the increase in the concentration of heavy metals
[1]. The soil is the main sink for heavy metals released into the environment by five
mentioned anthropogenic activities [2]. It is also the major source of metals in plants
and vegetables since they absorb pollutants in their soluble form through roots and
transfer them to other parts such as seeds and leaves [3].

Around the world, the heavy metals and metalloids cause a serious problem in
the environment [4]. Heavy metals are natural components of the Earth’s crust and
are determined to have a density higher than 5 g/cm3. The most common metals are
Cu, Cd, Fe, Zn, and Ni. Metals like Fe are important for a living when present in
a small required amount, while other elements like Hg are dangerous even at the
small amount due to their certain physical and chemical properties [5]. They are
non-biodegradable, persistent [6], and dangerous because they have a tendency to
bio-accumulate and enter the food chain through plants and animals [7].

Metals are introduced into the soil fromdifferent sources such as the use of fertiliz-
ers containing phosphates, pesticides, vehicle emissions, industrial waste, lead-acid
batteries, and from atmospheric deposition of metal and metalloids bearing particles
[4]. The solubility and bioavailability of metal ions in the soil usually change due to
the influence of factors such as soil pH, organic matter content and clay content [8].

Humans and animals are exposed directly and indirectly to these heavy metals
through three primary routes,which are: ingestion, inhalation and skin absorption [9].
Uncontrolled and unmanaged dumpsites exist in many developing countries because
they remain the cheapest method of waste disposal.

These open dumpsites can cause several years of human health risk [10]. Dump-
sites produce health hazards due to the unpleasant smell generated by degrading
activities of micro-organisms on organic waste. The unrestricted burning of munici-
pal solid waste also results in serious environmental pollution, due to the release of
thick, noxious smoke that pollutes the air [11].

Water pollution occurs as the result of human activities such as releases of efflu-
ents on water. A previous investigation revealed that many rural communities in
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Eastern Cape and across South Africa especially among the poor rural population
with limited investments in infrastructure suffer from lack of supply of healthy water
and sanitation facilities [12].

Acacia karroo is an average large, single-stemmed and deciduous tree with a
rounded crown, often broader than tall and it grows up to 12 meters high [13]. It
belongs to the plant family of Fabaceae, and subfamily ofMimosoideae. This plant
is known in many cultures, commonly known as Sweet thorn (English), Soetdor-
ing (Afrikaans), Mookana (North Sotho), Mooka (Tswana), or umuNga (Zulu or
Xhosa) [14]. The species consists of paired, greyish to white thorns, finely textured
dark green leaves, and produces yellow pompoms flowers with sweet smelling [13].
Unlike other most pioneer plants,Acacia karroo fixes nitrogen through the symbiotic
association with nitrogen-fixing microorganisms which increase the soil’s fertility
of the surrounding soil [15]. The aim of this study was to evaluate the influence of
anthropogenic activities on the metal levels and physicochemical properties of soil,
water and plants found in and around Alice landfill in order to document potential
environmental hazards and possible risk to public health due to these activities.

15.2 Materials and Methods

15.2.1 Study Area and Site Description

Alice landfill site (site A) where the study samples were collected is located in Alice
Township under Raymond Mhlaba Municipality in South Africa, and it is about
≈4 km from the Fort Hare University East campus in Alice, where the second site
(site B) which is the control site is located. Site A covered about 2 ha of land and the
entire dumpsite was full of natural vegetation which is indicative of either abundance
or deficiency of certain minerals.

Site A was divided into three portions: portion A (east side) had lots of broken
glasses; portion B (south side) was dominated by rusted tins and broken glasses with
evidence of burnt waste, and portion C was outside the fence of the dumpsite and
was only occupied by natural vegetation. However, site B is not a dumpsite but an
undisturbed piece of land with its soil surface covered by natural vegetation and
located near a mountain. The municipal water dam is located at about 200 m from
the dumpsite and is close to a cattle kraal (Fig. 15.1).

15.2.2 Plant, Soil and Water Sample Collections

To determine the influence of dumped materials in the study site on the accumulation
of heavy metals in plant tissues, leaf samples of Acacia karroo growing on the
dumpsite (site A), were collected randomlywith a stainless-steel knife. Plant samples
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Fig. 15.1 Map of Alice indicating the municipal dam and sites where plants, soils, and water
samples were collected. Image from Google Earth

were deposited in the herbariumof theDepartment of Botany, University of Fort Hare
and identified by Professor A. Maroyi and voucher specimen with specimen number
NG/01 [16]. Plant parts were separated, pre-cleaned with distilled water and dried to
a constant mass at 80 °C in an oven. Dried samples were crushed into a fine powder
using a laboratory grinder.

Milled samples were sieved through a 2 mm mesh to obtain a fine powder and
were stored in a plastic bag [17].

The soil samples were collected two times a week for a period of six weeks.
Samples were collected using a stainless-steel auger at the depth of 0–30 cm from
each of the 3 portions (A, B and C) of site A to have a total of three samples for site
A.

The fourth composite sample was collected from the control site B. The collected
dry soil samples were placed in clean labelled polyethylene bags and then transported
to the laboratory for further analysis.

Water samples were collected from the dam once a week for six weeks. Sterilized
plastic bottles were rinsed with distilled water, dried and were used to collect water
samples randomly below the water surface.

The samples were acidified using nitric acid to prevent further microbial activities
and kept in an ice bag at 4 °C [18].
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15.2.3 Determination of the Physicochemical Properties
of Soil

Using a mortar and pestle, soil samples were crushed and sieved in a 2 mm mesh to
remove coarse debris to obtain representative samples [19].

15.2.3.1 Moisture Content

Soil samples were added to a beaker of known mass and the combined mass of
soil and beaker was measured. The samples were oven dried at 105 °C for 24 h
until constant mass was obtained. Samples were cooled at room temperature and
transferred into a clean plastic bag for further analysis [19].

Calculation

%Mass =
(
Air dried − Oven dried

Oven dried

)
× 100%

15.2.3.2 pH

In a 100 ml beaker of known mass, 20 ml of calcium chloride solution was added to
20 g of sieved soil sample; the resulting mixture was stirred and allowed to stand for
30 min with occasional stirring. The determination of pH was done by immersing a
hand-held glass electrode pH meter into the partially settled solution, making sure
the electrode does not touch the walls of the beaker [20].

15.2.3.3 Organic Carbon (SOC)

A 1.0 g of soil sample was weighed into a 250 ml conical flask, 10 ml of K2Cr2O7

was added and the flask was gently swirled to dissolve the soil. Then 20 ml of conc.
H2SO4 was quickly added and mixed thoroughly and the flask was allowed to stand
on a fume hood for 30 min to cool down. Thereafter, 200 ml of water was added and
the formed suspension was filtered using a filter paper. About 3–5 drops of ferroin
indicator were added and the solution was titrated with FeSO4. The end point was
approached when the solution changed from dark green to blue to reddish brown
[21].
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Calculation

Organic carbon (%) =M ×
(

V1 − V2

Mass of soil

)
× 0.39

Organicmatter (%) =Organic carbon (%) × 1.724

whereM= concentration of FeSO4, V1= volume of blank, V2= volume of FeSO4,
0.39 = constant and 1.724 = constant.

15.2.3.4 Electrical Conductivity (Salinity)

A 10 ml of well-mixed water sample was added into a measuring cylinder. The
previously prepared soil sample was added to the water until the contents of the
container increased by 5 ml to bring the volume to 15 ml. More water was added to
the mixture to bring the total volume to 30 ml. The content was shaken intermittently
for 5 min and allowed to settle for 5 min. The EC probe was dipped into the solution
to measure the electrical conductivity [22].

15.2.4 Determination of the Physicochemical Properties
of Water

Analyticalmethods forwater physicochemical propertieswhich are temperature, pH,
and electrical conductivity were measured at the collection site (dam that is ≈200 m
from the dumpsite) using multi-parameter water quality instrument [18, 23].

15.2.4.1 Alkalinity

Two or three drops of phenolphthalein were added into 100 ml of collected water
samples. The appearance of a pink color in water indicates alkalinity. The solution
was titrated with 0.02 N H2SO4 until a clear solution was obtained [18].

15.2.4.2 Total Hardness

50 ml of water sample was mixed with 1–2 ml buffer of pH 10 and a few drops of
Eriochrome black-T indicator. The mixture was then titrated with 0.01 M EDTA till
the wine-red solution changed to blue [18].
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Calculation

Hardness (mg/L) = C × D × 1000

mLof sample

where C = ml of EDTA for titration, D = mg of CaCO3 equivalent to 1 ml of
ethylenediamine-tetra-acetic acid (EDTA).

15.2.4.3 Total Dissolved Solids (TDS)

The evaporating dish and filter paper were washed, dried and weighed. Then 50 ml
of the well-mixed water sample was pipetted and filtered usingWhatman filter paper.
The filtered sample was transferred into an evaporating dish and dried in an oven
at 180 °C. The cooled dried sample in the evaporating dish was measured to obtain
mass [23].

Calculation

Dissolved solids (mg/L) = (A − B) × 1000

mL of sample

where A = mass of dried residue + dish (mg), B = is the mass of the dish.

15.2.5 Determination of Heavy Metals in the Plant, Soil
and Water Samples

Acacia karroo samples: 2 g was weighed into a clean crucible, burnt to ashes at
450 °C and was then cooled in a desiccator. The ash was dissolved in 5 ml of 20%
HCl, placed in a 100 ml volumetric flask and the solution was made up to the mark
using deionized water [7].

Soil samples: 20 ml HNO3 was measured and added to 10 g of the prepared soil
sample in a 250 ml conical flask. The content in the flask was placed on a hot plate
until the solution was reduced to 5 ml, after which 20 ml of distilled water was added
until the suspension was reduced to 10ml.When digestion was complete, the residue
was allowed to cool to room temperature and was filtered usingWhatman filter paper
and the resulting solution was made up to 50 ml in a volumetric flask with distilled
water [5].

Water samples: 100 ml of water sample was measured and placed in a conical
flask containing 10ml of conc. HNO3. Themixture was heated gently and evaporated
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on a hot plate to a volume of 20 ml. The heating was continued with the addition
of necessary conc. HNO3 until digestion was complete as shown by a light colored
clear solution [18].

An atomic absorption spectrophotometer (AAS) was used to analyse copper (Cu),
lead (Pb), mercury (Hg) and manganese (Mn) in the digested samples [3].

15.2.5.1 Statistical Analysis

The data were analyzed using the Microsoft office Excel and Statistical Package
for the Social Sciences (SPSS). The data were subjected to analysis of variance
(ANOVA) and significant difference between means was determined at p ≤ 0.05.

15.3 Results and Discussion

15.3.1 Physicochemical Properties of Soil Samples

The results of the physicochemical properties of the soil samples in the dumpsite and
the control site are presented in Table 15.1.

pH: The mean hydrogen ion concentration (pH) in the dumpsite (site A) ranged
from 6.79 to 7.09, while in the control site (site B), the mean pH was 6.67 (see
Table 15.1). All these pH values are classified as neutral pH range for soil, as pH
range of 6.6–7.3 is indicative of a neutral pH. Soil pHmeasures soil acidity or basicity,
and directly influences nutrient bioavailability.

For most plants, the optimum range of soil pH for healthy plant growth is 7.0.
Some of the nutrients availability such as nitrogen, phosphorus, and potassium are
generally lowered as soil pH decreases [24]. The results of this study indicated that
all collected soil samples from both sites are within the standard pH range set by the
WHO. They also show that soil pH slightly differs among the portions of dumpsite
A.

The ANOVA results show that there was no statistical difference between two
portions of site A (A and B), while portion C of site A and site B were significantly
different compared to portions A and B of site A. The difference in pH may be
attributed to the wet climate which has great potential to encourage soil acidity due to
organicmatter decompositionwhich produces hydrogen ions [25, 26]. Themovement
and the availability of macro and micronutrients in the soil are affected by pH and
other soil components. The solubility of metallic contents of the soil increases as soil
pHdrops. These soluble ions become freely available in different fractions to increase
the acidity of the soil environment. An acidic soil environment can ultimately alter
the microbial population of the soil and therefore shift microbial growth in favour of
the fungi species with a potential for enhanced micro and macronutrient solubility
and mobility [25].
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Soil Moisture Content: The results in Table 15.1 showed that the average soil
moisture contents in site A ranged from 11.07 to 13.48% while the average of site B
was 10.16%. Soil moisture content is the amount of water present in the soil. The low
levels of moisture in both sites may be due to the nature of the topography of these
sites. Sites A and B were both located on hill slopes with site B hillier than site A.
There was no significant difference noted between all portions of site A and site B.
It is expected that this type of topography will encourage quick run-off of rainwater
during rainy days before the soil could absorb enough water and hence, the resulting
dry soils. The high temperature on sampling days is also a factor contributing to the
high rate of evaporation of soil moisture and the resultant dry soil observed in this
study. The combined effect of these two factors in addition to the natural vegetation
occupying the soil surface with their water demand for growth and transpiration
process is also seen as contributing factors [27] to the low moisture contents in the
sites investigated.

SoilOrganicCarbon (SOC)andSoilOrganicMatter (SOM): SOCshowsvariation
between sampling portions and ranged from 1.10 to 2.01% (see Table 15.1). Site A-
portion A recorded the lowest SOC while site B located outside dumpsite A had the
highest SOC. As expected, the SOM content of the soil samples followed the same
trend as the SOC recorded above and is found to be low for site A while at optimum
level at site B (Table 15.1). The ANOVA analysis shows a significant difference
between site A and site B for SOC, while for SOM portion B and portion C of site
A correlated significantly with the control site (site B).

SOC of about 2% (3.4% SOM) is widely suggested by several workers as the
threshold level for sustaining soil quality, below which deterioration may occur [28,
29]. The most significant factors controlling SOC dynamics are temperature and pre-
cipitation [30]. Overall, the percentage of organic carbon in site B is optimum while
that of site A is low. Low organic carbon and organic matter content in site A may be
attributed to warm temperatures which decreased SOC due to increased microbial
decomposition rate [31] of the organic materials in the dumpsite. Microbial activities
also generate heat during decomposition process to further hasten the breakdown of
organic materials in wastes. Decomposition is a biological process that includes the
physical breakdown and biochemical transformation of complex organic molecules
of dead material into simpler organic and inorganic molecules [32].

High decomposition rate aided by moisture and high temperature leads to an
increase in the level of organic matter in the soil and subsequently, increasing the rate
of metal ions absorption. Municipal wastes are known to have a high concentration
of metals and this is because SOM has a large sorption capacity towards metals [33].
However, any form of human intervention influences the activity of soil organisms.
When soil is disturbed through cultivation, tillage, burning of vegetation and so on,
the soil generally contains lower levels of SOM than comparable lands under natural
vegetation [34] whichmay be one of the reasons for the high SOM and SOC obtained
in this study for the control site B compared to site A. Return of plant residues or
organic wastes to the soil stimulates high microbial activity and increases SOM
decomposition.
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Electrical conductivity (EC): The EC of collected soil samples from site A were
generally higher than that of site B (see Table 15.1). For instance, the EC of site
A-portion A was more than four times higher than site B. Similarly, the EC in site
A-portions B and C was also more than three times the EC in site B. In general, the
values of EC in this investigation are well below the salinity threshold for soil. Soil
EC is a major indicator of soil salinity. It is a measure of the number of salts in the
soil but does not indicate the specific salt or ions that might be present. EC is a good
indicator of the presence of salts like sodium, potassium, chloride or sulfate [35].
Saline soils are those with salt levels (EC) above 4 dS/m [36]. In the present study, the
soil ECwas found to be lower than the saline level. However, a good soil EC level for
crop production will be somewhere between 200 and 1200 µS/cm (1.2 mS/cm). The
difference between the means is statistically significant between site A and control
site B. Soil EC that is lower than 200 µS/cm has insufficiently available nutrients for
the plants and could be an indication of a sterile soil with little microbial activity.

On the other hand, EC above 1200 µS/cm may be an indication of too much
dissolved salts (e.g. fertilizer) in the soil or a developing salinity problem from lack
of drainage [37]. Although site B had the highest SOC and SOM, the soil EC value
shows that the site has insufficiently available nutrients.

15.3.2 Physicochemical Properties of Water Samples

The physicochemical properties of the sampled water are presented in Table 15.2.
pH: Generally, the pH dynamics of thewater sampleswas erratic and changeswith

every sample collection. For instance, while the pH of water changed from slightly
acidic to slightly alkaline between week one and week two, it dropped significantly
to acidic state in the third week followed by a slight increase during the fourth week.
Thereafter, the pH of the sampled water progressively dropped to 5.41. The pH of
drinking water recommended by WHO is 6.5–8.5 [35]. The pH of water is a good
indicator of its quality and pollution extent. The pH values for all the collected
water samples are within allowable limits for surface water [38], except for samples
collected between week five and six which are both acidic with a mean value below
the recommended standard range as shown in Table 15.2.

The pH of water samples collected in week six (5.41) was more strongly acidic
than that of week five (6.39), and this might be caused by burning of waste and fossil
fuels which releases carbon dioxide (CO2) in air. When CO2 dissolves in water, it
creates weak acid such as carbonic acid. ANOVA results indicate that pH of samples
was significantly different. Acidic water can pose a threat to aquatic life and human
health [39].

At low pH, the acidic nature of the water may liberate toxic heavy metals like Ag,
Al, Cd, Co, Cu, Hg, Mg, Ni, Pb and Zn [40].

Water Temperature: This also varied with every sampling, progressively reducing
from 25.9 °C for week one to 14.05 °C in week six (Table 15.2). Variations in
water temperature may be associated with wind force, inland water flow, the influx
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of the rainwater and atmospheric temperature [41]. Water temperature may vary
with season and size of the water body, it may also vary on a daily basis. Water
temperature is often lowest during the night and early morning and increased from
mid to late afternoon [42], thus explaining the temperature variation observed in this
study during the cause of water collection for a consecutive 6 week period.

Electrical conductivity (EC): As shown in Table 15.2, the EC values ranged from
21.65 to 53.85 mS/cm, which are well above healthy level and considered not suit-
able for irrigation, human and livestock consumption. The WHO normal range for
electrical conductivity of water is 400–600 µS/cm [35]. In all the tested water sam-
ples, the values obtained for EC were higher than these permissible limits. There
was a statistical significant difference noted between the collected samples. High
EC level in the water may be indicative of the high amount of dissolved salts such
as Ca, Cl and Mg present in soil water as ions. Also, salinity may be influenced by
natural phenomena, like evapotranspiration and rainfall [43]. Evaporation of water
from the dam surface due to high temperatures can concentrate the dissolved solids
in the remaining water [44] while rainfall causes dilution.

Total Water Hardness: Water hardness ranges between 50.0 and 58.0 mg/L
(Table 15.2). Water hardness is caused by a variety of dissolved multivalent metallic
ions, predominantly calcium and magnesium cations. In this study, the water can be
categorized as soft since hardness falls below 60 mg/L of dissolved ions [45, 46] and
is, therefore, suitable for use as potable water. The analysis from ANOVA indicates
significant difference between the samples. However, depending on pH and alkalin-
ity, hardness above 200 mg/L can result in scale deposition, particularly on heating.
On the other hand, soft waters with a hardness of less than 100 mg/L have a low
buffering capacity and may be more corrosive to water pipes [47].

Total Dissolved Solids (TDS): The TDS of water ranged between 420 and
720 mg/L (Table 15.2). These values fall within the approved WHO standard for
drinking water and that of South African guidelines for domestic water use which
is in the range of 450–1000 mg/L [48]. The TDS results indicate the presence of
solutes (inorganic salts and little organic materials) in water [47, 49], and may be
attributed to the prevailing high rainfall, which causes significant dilution [50] of the
dam. The ANOVA results show that there was statistical significant difference for
TDS in water during the six weeks.

15.3.3 Concentration of Heavy Metals in Plant, Soil
and Water Samples

Results of the concentrations of heavy metals in the soils, water, and Acacia karroo
samples investigated in this study are presented in Table 15.3, Figs. 15.2 and 15.3
respectively.

Copper (Cu): Generally, values obtained for Cu in soil samples of site A were
significantly higher than that of site B (Table 15.3). Site A-portion B recorded the
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Fig. 15.2 Mean concentration of heavy metals in water from the dam

Fig. 15.3 Mean concentration of heavy metals in Acacia karroo from site A (dumpsite)

highest deposit of Cu with a significant (p < 0.05) increase in Cu deposit compared
with site A-portion C and site B.

The highest deposit of Cu (25.19 ppm) at dumpsite A was more than nine times
higher than the concentration in site B (2.67 ppm) while the lowest Cu deposit at site
A was more than four times the concentration recorded in site B. Despite the high
deposit of Cu in dumpsite A, there was no detectable trace of Cu in the water and
Acacia karroo samples (Figs. 15.2 and 15.3).

WHO recommended 10 mg/kg and 2 mg/L as the maximum permissible limits
of Cu for plants and drinking water respectively [51], while the permissible limit
recommended by Dutch standard for soil is 36 mg/kg [52]. However, Cu concen-
tration in soils of both study sites was much lower than the approved standard. In
human beings, a high concentration of Cu causes metal fumes fever, hair and skin
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decolorations, dermatitis, respiratory tract diseases, and some other fatal diseases
[53].

Mercury (Hg): Mean concentration of mercury (Hg) was significantly higher
(p < 0.05) in all the portions of site A compared to site B (Table 15.3). The deposit
of this metal was higher in site A-portion A than portion B by about 21%, and with
a significant (p < 0.05) 7.8 times more Hg deposit compared with site B. In addi-
tion, a significant high concentration of Hg was recorded in the water and Acacia
karroo samples (Figs. 15.2 and 15.3). The mean concentrations of Hg for all col-
lected soil, water, and Acacia karroo samples were found to be extremely above the
approved limit of WHO. For instance, the permissible limit of Hg recommended by
WHO for drinking water is 0.006 mg/L [45] which is much lower than the concen-
tration of Hg found in the dam water (11.420–55.035 mg/L) evaluated in this study.
WHO approved 1.0 and 0.03 mg/kg respectively as the maximum permissible limits
of Hg for soil and plants [54], whereas in South Africa, the soil permissible limit
for Hg is 0.93 mg/kg [55]. In our study, however, Hg concentrations ranged from
1.08 to 8.45 mg/kg in the dumpsites soils and 1.71–13.27 mg/kg in Acacia karroo
samples. High concentration of Hg in the soil, water, and plant studied in the cur-
rent investigation may be due to dumping and burning of industrial (municipal and
medicinal) wastes which have been produced with mercury on the dumpsites. Expo-
sure to disinfectants (like mercurochrome), antifungal agents, toiletries, creams and
organometallics may increase Hg concentration, hence waste generated from these
products may be a contributing factor to the high values obtained for these samples
[56].

Also, the emissions from coal-using power plants nearby might have contributed
significantly to the problem of high Hg levels in the soils of site A and the control
site B. The Acacia karroo plants growing in site A must have absorbed a significant
amount of Hg from the soil and transported this to other parts of the plants. Run-off
of Hg-contaminated rainwater during rainfall from the dumpsite to the dam may
have also elevated the concentration of Hg in the dam water. Mercury is a naturally
occurring metallic element found in trace amount in water, soil, and air, and is a
widespread environmental toxicant and pollutant which induces severe alterations in
the body tissues and causes a wide range of adverse health effects [57, 58]. All forms
of mercury are toxic and their effects include gastrointestinal toxicity, neurotoxicity,
and nephrotoxicity [58].

Manganese (Mn): This metal occurs naturally in water, soil, and plants. It is an
essential trace heavy metal required by plants and animals for normal growth. High
concentration ofMn causes hazardous effects on the lungs and brains of humans [59].
Mn deposit in soil was significantly (p < 0.05) higher at site A, recording about twice
the amount found in the site B (Table 15.3). Traces of Mn were also detected in the
dam water and tissue of the Acacia karroo species (Figs. 15.2 and 15.3). Maximum
permissible limit of Mn in plants recommended by WHO is 500 mg/kg and toxicity
occurs in plants if this level is exceeded [60, 61]. WHO recommended 0.4 mg/L [47]
in drinking water while 1 to 45 mg/kg was approved for soil [51].

Mean Mn concentrations for water samples in this study ranged from
0.023 ± 0.020 to 1.106 ± 0.780 mg/L and were all above the normal permissi-
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ble limit, except for the samples collected in the first week (0.023 ± 0.020 mg/L).
On the other hand, Acacia karroo samples recorded mean concentrations of Mn
(0.14 ± 0.10 to 0.55 ± 0.39 mg/kg) which are below the normal standard. Likewise,
the mean concentrations of Mn in all evaluated soil samples fall within the normal
range set by the WHO. Land disposal of manganese-containing wastes is the prin-
cipal source of manganese releases to the soil [61]. High values of Mn in the water
samples may be as a result of a natural occurrence of this metal in surface water and
groundwater, erosion of contaminated soils into the water as well as human activities
which might have caused Mn contamination [62]. High concentration levels of Mn
indicate that the potability of the dam water has been markedly impaired.

Lead (Pb): Deposition of Pb in the soil samples followed a similar trend observed
for Cu where Pb concentration in site A-portion B was significantly (p < 0.05)
higher than site A-portion C and site B, recording about 5.3 times more Pb deposit
than site B (Table 15.3). Traces of Pb were also found in the dam water and plant
tissue (Figs. 15.2 and 15.3). Dutch permissible limit for Pb in the soil is 85 mg/kg
while WHO limits of this metal for plants and drinking water are 2.0 mg/kg [52]
and 0.01 mg/L [47] respectively. High Pb concentration in the dumpsites soils com-
pared to control site B may be due to large deposits of used batteries, used plastics
(polyethylene) materials, lubrication oils and automobile exhaust fumes. Neverthe-
less, the lead concentrations in all the soil samples irrespective of the site were lower
than the approved limit. Pb concentrations in both water and Acacia karroowere also
found to be below the standard approved range. In water samples Pb concentration
ranged from 0.0011 ± 0.0010 to 0.0044 ± 0.0030 mg/L while 0.003 ± 0.002 to
0.009 ± 0.010 mg/kg were the Pb concentration range obtained for Acacia karroo
samples.

Lead has no biological importance [59] and is known for its harmful effects on
humans as well as causing chronic neurological disorders, especially in foetus and
children [63]. Lead poison causes a condition called plumbism or saturnism in a
human body [64]. Although lead occurs naturally in the environment, anthropogenic
activities such as fossil fuels burning, mining, and manufacturing contribute to its
release in high concentrations to the environment [58].

Heavymetal concentration in plants canbe causedby several factorswhich include
soil metal concentrations, soil pH, cation exchange capacity, organic matter content,
types and varieties of plants, and plant age. It is generally accepted that the metal
concentration in soil is the dominant factor [60, 65]. Heavy metal availability can
also be directly affected by the plant itself [66].

15.4 Conclusions

Generally, landfill site had a higher concentration ofmetals than control site probably
due to wastes dump. The concentration of Hg and Mn in water samples were above
the normal limits permitted byWHO and Hg was beyond the approved limits in both
soil and plant samples. At the moment, heavy metal concentrations in the dumpsite
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are not of a serious environmental problem according to WHO standard except Hg.
Continuous accumulation of metals should be avoided to prevent threat to human
health and the ecosystem in future. Specifically, the accumulation of Pb and Hg
should be of concern because the US Government Agency for Toxic Substances and
Disease Registry ranked these two metals among the three most toxic elements with
arsenic ranked first [67].

They are capable of causing serious adverse effects to human health [67, 68],
hence Pb and Hg should be well monitored. This study shows the need to sort wastes
dumped at the dumpsite and to encourage recycling of the materials. Surrounding
dams must be monitored to deliver less expensive quality municipal water. Modern
waste disposal facilities for appropriate waste processing are important as well as
community education to avoid indiscriminate disposal of wastes.

Acknowledgements The authors are grateful to Govan Mbeki Research and Development Centre
(GMRDC), University of Fort Hare, Directorate of Research and Development, Walter Sisulu Uni-
versity and University Research Foundation, Cape Peninsula University of Technology, NRF-Sasol
Inzalo Foundation for financial support.

References

1. Xie Y, Fan J, Zhu W, Amombo E, Lou Y, Chen L, Fu J (2016) Effect of heavy metals pollution
on soil microbial diversity and bermudagrass genetic variation. Front Plant Sci 7:755

2. Osunkiyesi AA, Taiwo AG, Olawunmi OA, Akindele OI, Sobo AA (2014) Environmental
impact of heavy metal contaminants and micronutrients in soil samples of metal dumpsites in
Abeokuta, Ogun State, Nigeria. IOSR J Appl Chem 7:52–55

3. Meng M, Li B, Shao JJ, Wang T, He B, Shi JB, Ye ZH, Jiang GB (2014) Accumulation of
total mercury and methylmercury in rice plants collected from different mining areas in China.
Environ Pollut 184:179–186

4. Kalantari MR, Shokrzadeh M, Ebadi AG, Mohammadizadeh C, Choudhary MI (2006) Soil
pollution by heavy metals and remediation (Mazandaran-Iran). J Appl Sci 6:2110–2116

5. Ukpong EC, Antigha RE, Moses EO (2013) Assessment of heavy metals content in soils and
plants around waste dumpsites in Uyo Metropolis, Akwa Ibom State. IJES 2:75–86

6. Nda-Umar UI, Nathaniel GS, Mann A, Yisa J (2012) Assessment of heavy metal species in
some decomposed municipal solid wastes in Bida, Niger State, Nigeria. Adv Anal Chem 2:6–9

7. Ebong GA, Akpan MM, Mkpenie VN (2008) Heavy metal contents of municipal and rural
dumpsite soils and rate of accumulation by Carica papaya and Talinum triangulare in Uyo,
Nigeria. J Chem 5:281–290

8. Mitsios IK, Golia EE, Tsadilas CD (2005) Heavy metal concentrations in soils and irrigation
waters in Thessaly region, Central Greece. Commun Soil Sci Plan 36:487–501

9. Azeez JO, Hassan OA, Egunjobi PO (2011) Soil contamination at dumpsites implication of soil
heavy metals distribution in municipal solid waste disposal system: a case study of Abeokuta,
Southwestern Nigeria. Soil Sediment Contam 20:370–386

10. AucottM (2006)The fate of heavymetals in landfills: a review.NewYorkAcademyof Sciences,
New York, USA

11. Njagi JM (2013) Assessment of heavy metal concentration in the environment and perceived
health risks by the community around Kadhodeki dumpsite, Nairobi Country. Doctoral Dis-
sertation, Kenyatta University, Kenya



15 Physicochemical Properties and Heavy Metals Accumulation … 265

12. Momba MNB, Tyafa Z, Makala N, Brouckaert BM, Obi CL (2006) Safe drinking water still
a dream in rural areas of South Africa. Case study: the Eastern Cape Province. Water SA
32:715–720

13. Kotz JC, Treichel PM, Weaver GC (2005) Chemistry and chemical reactivity. Brooks & Cole,
Belmont, USA

14. Taylor CL, Barker NP (2012) Species limits inVachellia (Acacia) karroo (Mimosoideae: Legu-
minosae): evidence from automated ISSR DNA “fingerprinting”. S Afr J Bot 83:36–43

15. Baroni L, Cenci L, Tettamanti M, Berati M (2007) Evaluating the environmental impact of
various dietary patterns combined with different food production systems. Eur J Clin Nutr
61:279–286

16. Opaluwa OD, AremuMO, Ogbo LO, Abiola KA, Odiba IE, Abubakar MM, Nweze NO (2012)
Heavy metal concentrations in soils, plant leaves and crops grown around dump sites in Lafia
Metropolis, Nasarawa State, Nigeria. Adv Appl Sci Res 3:780–784

17. Zhang H, Cui B, Xiao R, Zhao H (2010) Heavy metals in water, soils, and plants in riparian
wetlands in the Pearl River Estuary, South China. Procedia Environ Sci 2:1344–1354

18. Tsade HK (2016) Atomic absorption spectroscopic determination of heavy metal concentra-
tions in Kulufo River, Arbaminch, Gamo Gofa Ethiopia. J Environ Anal Chem 3:177

19. Parajuli PB, Duffy S (2013) Evaluation of soil organic carbon and soil moisture content from
agricultural fields in Mississippi. Open J Soil Sci 3:81–90

20. Eckert D, Sims JT (2011) Recommended soil pH and lime requirement tests. In: Recom-
mended soil testing procedures for the Northeastern United States. Northeast Regional Bulletin
493:19–26

21. Vlab.amrita.edu. (2013) Soil analysis—Determination of available organic carbon in the soil.
Retrieved from http://vlab.amrita.edu/?sub%E2%80%89=%E2%80%892&brch%E2%80%
89=%E2%80%89294&sim%E2%80%89=%E2%80%891552&cnt%E2%80%89=%E2%
80%891. Accessed 25 May 2016

22. Motsara MR, Roy RN (2008) Guide to laboratory establishment for plant nutrient analysis, vol
19. Food and Agriculture Organization of the United Nations, Rome, Italy

23. Sam KK (2013) Determination of total dissolved solids (TDS) in water and wastewater. Inclu-
sive Science and Engineering. Available at: http://www.inclusive-science-engineering.com/
determination-total-dissolved-solids-tds-water-wastewater/. Accessed 26 Aug 2016

24. Nduwumuremyi A (2013) Soil acidification and lime quality: sources of soil acidity, effects on
plant nutrients, the efficiency of lime and liming requirements. J Agr Allied Sci 2:26–34

25. Olaniran AO, Balgobind A, Pillay B (2013) Bioavailability of heavy metals in soil: impact
on microbial biodegradation of organic compounds and possible improvement strategies. Int J
Mol Sci 14:10197–10228

26. Oloyede-Kosoko SOA, Idowu AO, Ayoni OO (2015) Evaluation of water quality with World
Health Organization and Nigeria Industrial Standards using geographic information system.
World Sci News 24:18–42

27. Zhou W, Hui D, Shen W (2014) Effects of soil moisture on the temperature sensitivity of soil
heterotrophic respiration: a laboratory incubation study. PLoSOne 9:e92531

28. Sato JH, Figueiredo CCD, Marchão RL, Madari BE, Benedito LEC, Busato JG, Souza DMD
(2014) Methods of soil organic carbon determination in Brazilian savannah soils. Sci Agr
71:302–308

29. Musinguzi P, Tenywa JS, Ebanyat P, Tenywa MM, Mubiru DN, Basamba TA, Leip A (2013)
Soil organic carbon thresholds and nitrogen management in tropical agroecosystems: concepts
and prospects. J Sustain Dev 6:31–43

30. Deb S, Bhadoria PBS, Mandal B, Rakshit A, Singh HB (2015) Soil organic carbon: towards
better soil health, productivity, and climate change mitigation. Clim Change Environ Sustain-
ability 3:26–34

31. Hopkins FM, Filley TR, Gleixner G, Lange M, Top SM, Trumbore SE (2014) Increased below
ground carbon inputs andwarming promote loss of soil organic carbon through complementary
microbial responses. Soil Biol Biochem 76:57–69

http://vlab.amrita.edu/%3fsub%25E2%2580%2589%3d%25E2%2580%25892%26brch%25E2%2580%2589%3d%25E2%2580%2589294%26sim%25E2%2580%2589%3d%25E2%2580%25891552%26cnt%25E2%2580%2589%3d%25E2%2580%25891
http://www.inclusive-science-engineering.com/determination-total-dissolved-solids-tds-water-wastewater/


266 N. G. Maphuhla et al.

32. Ranjan R, Divya M, Bavitha M (2015) The importance of soil food web for a healthy environ-
ment and sustainable development. Int J Appl Res 1:15–20

33. Wild B, Schnecker J, Alves RJE, Barsukov P, Bárta J, Čapek P, Gentsch N, Gittel A, Guggen-
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Chapter 16
Chromate Ion Adsorption
onto Nanostructured Mn–Fe Oxide:
Kinetics and Equilibrium Study

Albert J. K. Kupeta, Eliazer B. Naidoo and Augustine E. Ofomaja

Abstract A nanostructured binary metal oxide adsorbent, from chloride salts of
manganese and iron, was synthesized by co-precipitation method and applied in
sequestration of chromate ions from simulated industrial wastewater. The pre-
pared adsorbent was characterized using X-ray photoelectron spectroscopy (XPS),
BET analysis and scanning electron microscopy (SEM) coupled with an energy
dispersive X-ray spectrometer (EDS). Batch, kinetic and equilibrium experiments
were performed to investigate the adsorption parameters. The pseudo second order
kinetic (R2 ≥ 0.9965) and Langmuir equilibrium isotherm (R2 ≥ 0.9994) models
showed good fits to the experimental adsorption data. Thermodynamic parameters
(�G

◦
, �H

◦
and �S

◦
) showed that the adsorption is spontaneous, exothermic and

decreases randomness at the solid/liquid interface.

Keywords Adsorption · Chromate · Models · Nanostructured · Parameters

16.1 Introduction

Industrial effluents from mining, textile, pharmaceutical, automobile, metallurgy,
etc. are laden with harmful organic and inorganic compounds which are deleteri-
ous to flora and fauna. The inorganic pollutants comprise of heavy metals such as
chromium which are non-biodegradable and contaminate ecological food chains.
Chromium is found in the hydrosphere as trivalent chromite [Cr(III)] and hexava-
lent chromate [Cr(VI)] ions [1, 2]. Chromite ions are less toxic while chromate ions
(CrO2−

4 /Cr2O
2−
7 ) are highly toxic even at ppb levels [3, 4]. Human exposure causes
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mutations, cancers and hemorrhage amongst a myriad of other health problems [5].
Chromate ions inhibit plant development by interfering with important physiological
processes such as chlorophyll synthesis [6]. Themaximum contaminant level (MCL)
for total chromium in potable water should not exceed 0.05 mg/dm3 [7]. This makes
it critical to develop efficient and cost-effective chromium remediation techniques
from aqueous media.

Several technologies such as electrochemical reduction, membrane filtration,
chemical precipitation, photocatalytic reduction, etc. have been applied in reme-
diation of chromium-infested wastewaters [8–11]. A major drawback to utilization
of these remediation technologies is cost, high energy demand, technical expertise
coupled with production of noxious sludge [12]. Adsorption has become a cost-
effective alternative amongst these heavy metal remediation techniques from the
solvent phase [13].

Agricultural wastes, industrial wastes, metal oxides, activated carbon and micro-
organisms are some of the adsorbents that have been investigated and applied in
clean-up of chromate-infested waters [1, 14–16]. Current research is focusing on the
use of nanostructured adsorbents which have high surface areas, large adsorption
capacities, fast kinetics and high selectivity towards the target pollutant [17, 18].

The objective of the present study was to synthesize a nanostructured Mn–Fe
oxide adsorbent using simple co-precipitation method and investigate its technical
applicability in the remediation of chromate ions from simulated industrial wastew-
ater. Batch, kinetic and equilibrium experiments were conducted to determine the
adsorption process variables. Kinetic and equilibrium data were modelled with a
Quasi Newton regression algorithm of KyPlot software to determine the adsorption
parameters.

16.2 Experimental

16.2.1 Chemical Reagents

All the chemicals used in the investigation were of analytical grade and purchased
from Sigma-Aldrich (Germany). The chromate ion stock solution was prepared from
K2Cr2O7·7H2O and ultrapure water from a MERCK Millipore (Germany) instru-
ment.

16.2.2 Preparation of Nanostructured Mn–Fe Oxide
Adsorbent

The binary nanometal oxide was synthesized by co-precipitation using a 2:1 mol
ratio of MnCl2 and FeCl3·6H2O at 299 K. To achieve the co-precipitation of the
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binary system, a 3 mol/dm3 NaOH solution was added dropwise to a mixture of the
metal salts aqueous solution until pH 8. The suspension was magnetically stirred for
1 h at 400 rpm and then aged for 4 h. The solid material was separated from the liquid
phase by centrifuging at 6000 rpm for 5 min, repeatedly washed with ultrapure water
until neutral pH and then dried at 333 K in a thermostatic vacuum oven for 24 h.
The resultant solid was pulverized and calcined in air at 773 K for 6 h, before being
characterized and used for analysis.

16.2.3 Characterization of Mn–Fe Binary Oxide

The surface morphology of the adsorbent was investigated using a ZEISS Ultra/Plus
FEG-SEM (Germany) scanning electronmicroscope coupled to an energy dispersive
X-ray spectroscopy(EDS) analyzer at different magnifications. X-ray photoelectron
spectroscopy (XPS) was used to identify the electronic states of the elements in the
binary oxide on a PHI 5000 scanning ESCA microprobe (Japan). The adsorbent
BET (Brunauer-Emmett-Teller) specific surface area, pore volume and pore sizes
distribution were determined by computer-controlled N2 adsorption at 77 K using
a Tristar 3000 analyzer coupled to a VacPrep 061 degassing unit. The instruments
were both supplied by Micromeritics Instrument Corporation (Australia).

16.2.4 Analytical Technique

Atomic absorption spectroscopy (AAS) on a SHIMADZU AA 7000 (Japan) spec-
trophotometer was used to determine total chromium remaining in solution after
adsorption. Metal oxides can reduce hexavalent chromate ions to trivalent chromite
ions. Use of spectroscopy tomeasure residual hexavalent chromate ion concentration
might give a distorted adsorption capacity, as some of the chromate ions will not have
been adsorbed, but merely reduced to chromite ions, and still be present in solution.

16.2.5 Adsorption Dynamics

To determine the influence of solution pH on adsorption of chromate ions onto
Mn–Fe oxide, batch experiments were performed from pH 2–7 at 299 K in 250 cm3

glass bottles containing 100 cm3 of 100 mg/dm3 chromate solution. The pH was
adjusted using 0.1 mol/dm3 NaOH or HCl. Since metals can leach in acidic media,
the amounts of adsorbent metal components leaching into treated water at different
pH values (2–6) were measured at 299 K, by agitating 0.05 g of adsorbent at 200 rpm
in 100 cm3 ultrapure water for 2 h. The suspension was centrifuged and analysed for
Mn and Fe using AAS.
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Both kinetic and equilibrium studies were performed with 0.05 g adsorbent in
250 cm3 glass bottles with 100 cm3 chromate ion solution at pH 3, using a stirring
speed of 200 rpm. The kinetic experiments were conducted with different chromate
ion concentrations (10–75 mg/dm3). Aliquot samples (0.5 cm3) were pipetted from
the mother liquor at different time intervals (0.5, 1, 2, 3, 5, 30, 45, 60, 75, 90 and
120 min) and the residual chromium concentration determined by AAS. Equilibrium
isotherm studies were performed at 299–319 Kwith various chromate ion concentra-
tions (50–400 mg/dm3). The adsorption process was stopped by centrifugation and
the remaining chromium concentration was measured using AAS.

The adsorbed amount of chromate ions per unit mass of adsorbent qe (mg/g) was
given by Eq. (16.1):

qe = (C0 − Ce)V

m
(16.1)

where C0 and Ce (mg/dm3) are the initial and equilibrium chromate ion concentra-
tions, m (g) is the adsorbent mass and V (dm3) is the adsorbate volume.

16.3 Results and Discussion

16.3.1 Adsorbent Characterization

The SEM image for Mn–Fe binary nanostructured oxide is presented in Fig. 16.1.
The surface ofMn–Fe oxide shows agglomeration of the nanoparticles and the image
is consistent with previous research [19]. The micrograph shows that the particles
are rough, non-uniform in size and shape. Pores are also visible on the micrograph
and can be attributed to evolution of gases during drying [20]. The weight percentage
composition by mass of Mn, Fe and O in the oxide determined from EDS data were
8.89, 50.58 and 40.42, respectively. This data is qualitative as it represents aminiscule
portion of the nanomaterial.

TheXPS detailed scans ofMn–Fe oxide are plotted in Fig. 16.2. The signal forMn
2p core level in Fig. 16.2a shows a doublet due to spin coupling attributed toMn 2p3/2
(641.9 eV) and Mn 2p1/2 (653.0 eV). The Mn 2p3/2 peak is attributed to the presence
of Mn2+ [21, 22]. The detailed XPS spectrum for Fe 2p in Fig. 16.2b is consistent
with those found in the literature [23]. The Fe 2p3/2 peak position (710.8 eV) and
shape are characteristic of Fe3+ in iron oxy-hydroxides or iron oxides, most likely
goethite, amorphous ferrihydrite or γ-Fe2O3 [22, 24, 25]. The shake-up signal at
715.7 eV further corroborates presence of Fe3+ and suggests high iron content in the
sample [23]. Figure 16.2c shows a detailed XPS spectrum for O 1s. The main peak
at 529.3 eV is ascribed to lattice oxygen in the form of O2−, characteristic of the
transition metal-oxygen bond. The peak at 531.1 eV (≈1.8 eV above the main peak)



16 Chromate Ion Adsorption onto Nanostructured Mn–Fe Oxide … 273

Fig. 16.1 Scanning electron micrograph of Mn–Fe binary oxide

is attributed to surface adsorbed oxygen, probably in the form of OH− moieties or
defective site in the oxide [21, 24–26].

The pore structure of the Mn–Fe nanometal oxide was determined by N2 gas
physisorption measurements (BET). The surface area, pore volume and pore size
were found to be 217.5228 m2/g, 0.2832 cm3/g and 4.3657 nm, respectively.

16.3.2 Effect of pH on Adsorption

Solution pH determines adsorbent surface charge and adsorbate speciation. At pH at
point of zero charge (pHpzc) the adsorbent surface has zero charge. At pH < pHpzc,
the adsorbent surface is positively charged and is negatively charged at pH > pHpzc.
The pHpzc of Mn–Fe oxide was found to be 5.28. The effect of pH on chromate
adsorption is shown in Fig. 16.3.

The adsorption process is dependent on pH suggesting that electrostatic interac-
tions and ion exchange might be part of the mechanism. At low pH, the chromate
mainly exists as HCrO4

− [27] while the adsorbent surface is positively charged
resulting in electrostatic attraction. The adsorption capacity is highest at pH 2 but
leaching of adsorbent metal components into the treated water is also highest at that
pH as shown in Table 16.1. Hence, a pH of 3 was taken as the optimum. An increase
in solution pH greatly reduces the adsorption process due to repulsion between the
negatively charged adsorbent surface and adsorbate.



274 A. J. K. Kupeta et al.

635 640 645 650 655 660
2000

2500

3000

3500

4000

4500
C

/s

Binding Energy (eV)

(a) Mn 2p

3/2-641.9 eV

1/2-653.0 eV

700 710 720 730 740

3000

4000

5000

6000

7000

8000

C
/s

Binding Energy (eV)

3/2-710.8 eV

715.7 eV
shake-up
signal 1/2-724.4 eV

735.5 eV

(b) Fe 2p

525 530 535 540 545
0

2000

4000

6000

8000

10000

12000

C
/s

Binding Energy (eV)

529.3 eV

(c) O 1s

531.1 eV

Fig. 16.2 X-ray photoelectron spectroscopy detailed scan for: a Mn 2p, b Fe 2p and c O 1s

Fig. 16.3 Influence of pH
on adsorption of chromate
ions onto Mn–Fe oxide

1 2 3 4 5 6 7
0

20

40

60

80

100

120

140

160

180

Ad
so

rp
tio

n 
ca

pa
ci

ty
 (m

g/
g)

pH



16 Chromate Ion Adsorption onto Nanostructured Mn–Fe Oxide … 275

Table 16.1 Leaching of adsorbent components as a function of pH

pH 2 3 4 5 6

Mn (mg/dm3) 0.0532 0.0346 0.0272 0.0232 0.0176

Fe (mg/dm3) 0.0864 0.0429 0.0309 0.0113 0.0057

16.3.3 Kinetics of Chromate Adsorption

The adsorption kinetics of chromate ions onto the Mn–Fe oxide was modeled using
non-linear forms of the pseudo first [28] and pseudo second order [29] kinetic equa-
tions. The pseudo first order kinetic equation describes adsorption which proceeds
by diffusion through a boundary, and the pseudo second order kinetic equation pre-
dicts adsorption kinetics proceeding by monolayer chemisorption. The non-linear
forms of the pseudo first and pseudo second order kinetic equations are presented as
Eqs. (16.2) and (16.3), respectively as:

qt = qe
(
1 − e−k1t

)
(16.2)

and,

qt = k2q2e t

1 + k2qet
(16.3)

where qt and qe (mg/g) are the adsorbed amounts at time t and at equilibrium respec-
tively, with k1 (1/min) and k2 (g/mg min) being the pseudo first and pseudo second
order rate constants, respectively. A non-linear plot of qt against t gave values for qe
and the rate constants k1 and k2. The initial adsorption rate, h (mg/g min) [30] in the
pseudo second order equation is given by:

h = k2q
2
e (16.4)

Tables 16.2 and 16.3 show the pseudo first and pseudo second order kinetic equa-
tion parameters and the correlation coefficient error function, R2. The results show

Table 16.2 Pseudo first order kinetic modeling of different chromate ion concentrations onto
Mn–Fe binary nanometal oxide

Concentration (mg/dm3)

10 20 25 50 75

qe (exp) 14.1440 27.9480 49.8440 83.6120 126.3920

qe 13.7789 27.6127 48.1258 80.3509 121.2535

k1 0.5222 0.4760 0.7684 1.1519 1.2962

R2 0.9729 0.9809 0.9737 0.9613 0.9626
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Table 16.3 Pseudo second order kinetic modeling of different chromate ion concentrations onto
Mn–Fe binary nanometal oxide

Concentration (mg/dm3)

10 20 25 50 75

qe (exp) 14.1440 27.9480 49.8440 83.6120 126.3920

qe 14.2862 28.6278 50.0633 83.7557 126.1825

k2 0.0591 0.0264 0.0253 0.0232 0.0171

h 12.0620 21.6361 63.4103 162.7484 281.8198

R2 0.9979 0.9965 0.9982 0.9979 0.9972

that the experimental and calculated adsorption capacities increased with an increase
in chromate ion concentration. This is attributed to a greater driving force, reduc-
ing mass transfer resistance resulting in an increase in collision frequency between
adsorbate and adsorbent surface [31]. The results showed a better fit onto the pseudo
second order kinetic equation, as observed from the higher values of the correlation
coefficient (R2 ≥ 0.9965). The calculated adsorption capacities from the pseudo
second order kinetic equation are closer to the experimental adsorption capacities
than those predicted from the pseudo first order kinetic equation. The rate constant,
k1, does not show a trend with an increase in chromate ion concentration, but the
rate constant, k2, decreases with an increase in chromate ion concentration. A sim-
ilar result was reported on adsorption of chromate ions onto dolomite [32]. The
authors attributed the decrease in magnitude of k2 to an increase in competition for
active sites. The initial adsorption rate, h, increases with an increase in chromate
ion concentration. This shows initial rapid uptake due to increase in chromate ions
and indicates high affinity for adsorbate and fast adsorption kinetics characteristic of
heavymetal adsorbates. Similar results were reported in literature by researcherswho
also observed high initial rates of adsorption of Zn2+ onto Lewatit S1468 [33] and
Cd2+ onto biochar [34]. Kinetic equations are empirical, and their parameters cannot
conclusively explain suitability of a model over another in justifying an adsorption
process [31, 35, 36].

16.3.4 Isotherm Studies

The equilibriumadsorptiondatawasmodeledusingnon-linear formsof theLangmuir
[37] and Freundlich [38] isotherm models. The Langmuir model is based on the
following assumptions: (1) active sites are identical; (2) only reversible monolayer
adsorption takes place; and (3) there is no interaction between adsorbed species. The
non-linear form of the Langmuir isotherm equation is:

qe = qmkbCe

1 + kbCe
(16.5)
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where qe (mg/g) is the equilibrium adsorption capacity, Ce (mg/dm3) is the equi-
librium adsorbate concentration, qm (mg/g) and kb (dm3/mg) are the Langmuir con-
stants representing maximum saturated monolayer coverage capacity and adsorption
energy parameter respectively. The Langmuir constant, kb, is a measure of affinity
between adsorbate and adsorbent. A dimensionless separation factor RL, determines
shape of the isotherm [39] and is given by:

RL = 1

1 + kbC0
(16.6)

where C0 (mg/dm3) is the initial adsorbate concentration. If RL = 0, irreversible
(horizontal); RL < 1, favorable (concave); RL > 1, unfavorable (convex); and RL =
1, linear [40].

The non-linear form of the Freundlich isotherm equation is:

qe = KFC
1
n
e (16.7)

where KF ((mg/g)/(mg/dm3)n) and n (dimensionless) are the Freundlich constants
representing adsorption capacity and intensity of adsorption, respectively. Themodel
assumes adsorption on a heterogeneous surface with interaction between adsorbed
species. According to the model, the isotherm shape is unfavorable when n > 1,
favorable when n < 1 and linear when n = 1 [41]. The Langmuir and Freundlich
isotherm parameters are presented in Table 16.4. The results show that the Langmuir
model (R2 ≥ 0.9994) showed a better fit to the adsorption data, in comparison to
the Freundlich model (R2 ≥ 0.9820). The calculated RL values were 0.45, 0.32,
0.20, 0.17 and 0.15, corresponding to 50, 100, 200, 300 and 400 mg/dm3 initial
adsorbate concentrations respectively. The RL values decreased with an increase
in initial adsorbate concentration. The magnitude of their values shows that the
Langmuir isotherm shape is favorable. The Langmuir maximum adsorption capacity

Table 16.4 Langmuir and Freundlich isotherm modeling of chromate ion adsorption onto Mn–Fe
oxide

Temperature (K)

299 304 309 314 319

Langmuir

qm 186.2797 174.9995 151.9222 143.0998 138.6253

kb 0.0246 0.0213 0.0198 0.0161 0.0136

R2 0.9994 0.9998 0.9997 0.9998 0.9995

Freundlich

KF 28.3666 23.9522 20.4141 15.7352 12.6661

n 3.1793 3.0400 3.0417 2.7965 2.6057

R2 0.9852 0.9833 0.9820 0.9867 0.9863
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Table 16.5 Comparison of
chromate ion adsorption
capacities of various
adsorbents

Adsorbent Langmuir
capacity
(mg/g)

Best fit
isotherm

References

Dolomite 10.01 Freundlich [32]

Ceria
nanoparticles

26.81 Langmuir [42]

Iron fleshing 50.51 Langmuir [43]

Mesoporous
silica

193.85 Langmuir [44]

Clarified
sludge

26.31 Langmuir [45]

Mn–Fe oxide 186.28 Langmuir This study

(qm) also decreases from 186.28 to 138.63 mg/g as the temperature increased from
299 to 319 K. This suggests that the adsorption process is exothermic.

The Langmuir maximum adsorption capacity of the nanostructured Mn–Fe oxide
compares favorably with other adsorbents reported in the literature. The comparison
results are presented in Table 16.5.

16.3.5 Adsorption Thermodynamics

The adsorption thermodynamics parameters for removal of chromate using Mn–Fe
oxide are presented in Table 16.6 and were determined using:

�G
◦ = −RT ln kb (16.8)

and the Van’t Hoff equation, expressed as:

ln kb = −�H
◦

RT
+ �S

◦

R
(16.9)

Table 16.6 Thermodynamic
parameters for adsorption of
chromate ions onto Mn–Fe
oxide

Temperature
(K)

�G
◦

(kJ/mol)
�H

◦

(kJ/mol)
�S

◦

(J/mol K)

299 −17.784 −22.51 −15.67

304 −17.717

309 −17.808

314 −17.569

319 −17.459
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where, �G
◦
(kJ/mol) is the free Gibbs energy change, R (J/mol K) is the ideal gas

constant, T (K) is the temperature, kb (dm3/mg) is the equilibrium constant and is
derived from the Langmuir equation, �H

◦
(kJ/mol) is the change in enthalpy and

�S
◦
(J/mol K) is the change in entropy of the reaction. A plot of ln kb against 1/T

from Eq. (16.9) gave �H
◦
and �S

◦
values (R2 = 0.9814).

The negative enthalpy change (�H
◦
) shows that the adsorption process is exother-

mic, while the negative free energy change (�G
◦
) values imply that the process is

feasible and spontaneous. The free energy change decreased in magnitude from
−17.784 to −17.459 kJ/mol with an increase in temperature from 299 to 319 K. A
negative entropy change (�S

◦
) indicates decrease in randomness during the adsorp-

tion at the solid/liquid interface.

16.4 Conclusion

A porous, nanostructured binary metal oxide with a large surface area was prepared
from chloride salts of manganese and iron by simple co-precipitation technique.
The adsorption process was pH dependent, as low pH resulted in protonation of
adsorbent surface enhancing removal of the chromate anions from the liquid phase.
Kinetic studies showed that the experimental data best suited the pseudo second
order kinetic model suggesting that chemisorption is the dominant adsorption mech-
anism. The Langmuir isotherm model showed the best fit to the experimental data
suggesting that the adsorption occurs by monolayer coverage of the adsorbent sur-
face. Calculation of thermodynamic parameters (�G

◦
, �H

◦
and �S

◦
) showed that

the adsorption is spontaneous, exothermic and exhibits reduced degree of random-
ness at the solid/liquid interface. Experimental data and thermodynamic parameters
highlighted that the adsorption is exothermic. Increase in temperature reduced the
adsorption capacity and the change in free energy. This investigation was under-
taken to determine the technical applicability of adsorption of chromate ions onto
the nanostructured Mn–Fe oxide prepared by simple co-precipitation. Further stud-
ies are in progress to elucidate the intrinsic mechanistic pathway of the adsorption
process.
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Chapter 17
Spectroscopic, XRD, In Vitro
Anti-oxidant, Antifungal
and Antibacterial Studies of Heterocyclic
Schiff Base Nickel(II) Complexes Bearing
Anions

Ikechukwu P. Ejidike, Fanyana M. Mtunzi and Michael J. Klink

Abstract Ni(II) complexes, bearing Cl−, Br−, NO3
−, and CH3COO−, have

been synthesized with a tridentate Schiff base ligand, viz. 4-[(1E)-N-{2-[(Z)-
benzylideneamino]ethyl}-ethanimidoyl]benzene-1,3-diol] (HL) and characterized
by elemental analysis, FT-IR, 1H NMR, UV-Vis, molar conductance, XRD and ther-
mogravimetric analysis. The molar conductance values indicate that the complexes
are non-electrolytes. IR spectra showed that the ligand (HL) behaves as a tridentate
ligandwith an oxygen-dinitrogen donor atom system. On the basis of electronic stud-
ies, a square-planar geometry has been assigned to the preparedNi(II) complexes. The
XRD study suggests a well-defined crystalline nanostructure for the as-synthesized
complexes. Thermal analysis of the complexes indicates that the decomposition takes
place in three to four steps. Scavenging potentials of the DPPH and ABTS radicals
by the compounds were studied for their antioxidant capacities. The compounds
were screened for antibacterial activity against S. aureus, E. faecalis, K. pneumoniae
and P. aeruginosa, and antifungal activity against C. albicans and C. neoformans
by rapid p-iodonitrotetrazolium chloride (INT) colorimetric assay in vitro and the
results were compared with the antibiotics: neomycin as an anti-bacterial standard
and amphotericin B as an anti-fungal standard.
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17.1 Introduction

Schiff base ligands and their biologically active complexes are significant groups of
compounds providing potential positions as biochemically active compounds over
the past few decades due to their antimicrobial, antifungal, and anticancer properties
[1–3]. Schiff base ligands containing different donor atoms have shown a broad
biological activity because of the variety of ways in which they are bonded to metal
ions. This interaction provides an interesting series of ligands whose properties can
be considerably modified by bringing together different organic substituents, thereby
causing a variation in the final donor properties [4]. Unsymmetrical tridentate-ONO
and tetradentate-ONNO type Schiff bases have been reported to act as potential
chelating agents in their dianionic forms with various metallic moieties [5, 6]. The
special class of compounds is also used as catalysts, corrosion inhibitor, pigments
and dyes, polymer stabilizers, and intermediates in organic synthesis [7].

The reactions of metal ions with nitrogen, oxygen, and sulphur atoms from
organic ligands are gaining attention in recent years and provided an enthusiastic
series of compounds with diverse potentials [8, 9]. Schiff base-transition metal com-
plexes synthesized using heterocyclicmolecules have amplified the attention ofmany
researchers towards the advances in bioinorganic chemistry discipline [10–12]. Bio-
logically active metal complexes bearing Schiff bases derived from ethylenediamine,
aniline, and aldehydes with different geometries have been reported to exhibit pro-
nounced antimicrobial and antiradical activities due to chelation process dominantly
affecting the general biological performance of the synthesized compounds [12–14].

The use of Schiff bases in biological or therapeutic applications as promising
drug agents or biological probes and analytical tools has been reported by several
researchers [15]. Biological and spectroscopic studies of Ni(II) complexes of
N,N ′-disalicylidene-3,4-diaminotoluene, N,N ′-bis(3,5-di-tertbutylsalicylidene)-
1,3-diaminopropane, tetrathiafulvalene-N,N ′-phenylenebis(salicylideneimine),
o-hydroxybenzaldehyde, o-hydroxyacetophenone ethylenediamine, and 1-
phenylbutane-1,3-dione-mono-S-methylisothio-semicarbazone with 5-phenylazo-
o-hydroxybenzaldehyde with tetrahedral, square planar, and octahedral geometries
were reported to exhibit bioactivity against the growth of bacteria in vitro when
examined for their antimicrobial potential [16]. Polydentate Schiff bases and their
metal complexes incorporating N- , O-donors are essential to life processes due
to their capability towards safeguarding living systems and cells from impairment
caused by oxidative stress or free radicals, and they were also reported to exhibit
moderate to strong scavenging activity on synthetic radicals [6, 12].

Thus, the present communication deals with the synthesis and characterization
of bivalent transition metal Ni(II) complexes of a tridentate Schiff base with a
N2O donor atoms set and formulated as: [Ni(L)X] · nH2O (where L = 4-[(1E)-N-
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{2-[(Z)-benzylideneamino]ethyl}-ethanimidoyl]benzene-1,3-diol], X = Cl−, Br−,
NO3

−, CH3COO−) derived from the condensation of 2′,4′-dihydroxyacetophenone
and benzaldehyde with ethylenediamine. The compounds have been characterized
by elemental analyses,molar conductivity, ultraviolet-visible spectroscopy (UV-Vis),
Fourier transform infrared spectroscopy (FT-IR), thermogravimetric analysis (TGA),
proton nuclearmagnetic resonance (1HNMR), andX-ray diffractometry (XRD). The
antibacterial, antifungal and antioxidant activities of the nickel(II) complexes were
also investigated.

17.2 Experimental

17.2.1 Materials and Methods

Chemicals and solvents were of analytical grade and were used as obtained with-
out auxiliary purification. Ascorbic acid, ethylenediamine, benzaldehyde, NiCl2
· 6H2O, Ni(NO3)2 · 3H2O, DMF and DMSO were obtained from Merck (Johannes-
burg, South Africa). 2,2′-Azino-bis-3-ethylbenzothiazoline-6-sulfonic acid (ABTS),
rutin hydrate, 2,2-diphenyl-1-picrylhydrazyl (DPPH), and butylated hydroxytoluene
(BHT) were received from Sigma Chemical Co., USA, NiBr2 · 3H2O from Fluka
(Buchs, Switzerland), while 2′,4′-dihydroxyacetophenone, (CH3COO)2Ni · 4H2O,
and gallic acid were from Sigma–Aldrich (Johannesburg, South Africa).

17.2.2 Physical Measurements

Carbon, hydrogen, and nitrogen data were obtained on a Perkin Elmer elemental ana-
lyzer. Newly prepared 10−3 M DMF with EUTECH PC 7000 conductivity cell was
used for the conductivity measurements. Perkin Elmer-FT-IR spectrometer (Spec-
trum 2000) in the range 4000–400 cm−1 was used for IR spectra data collection.
Stuart melting point (SMP 10) apparatus was used for the melting points deter-
mination. 1H NMR spectra were recorded with a Bruker Advance DPX-600 MHz
spectrophotometer in d6-DMSO and reported relative to TMS as an internal standard.
Absorption data were documented with an UV–Vis spectrometer model: T80+, PG
Instruments Ltd ranging from 200 to 800 nm in quartz cells of path length 1 cm. Pow-
der X-ray diffraction (XRD) patterns were recorded on a Bruker AXS D8 Advance
Powder X-ray diffractometer (X-ray source: Cu, λ = 1.5406 Å).
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17.2.3 Synthesis of the Schiff Base Ligand:
4-[(1E)-N-{2-[(Z)-Benzylideneamino]Ethyl}
Ethanimidoyl]Benzene-1,3-Diol (HL)

Previously reported method was followed for the Schiff base ligand preparation [6].
In a 250 mL round bottom flask, ethylenediamine (0.015 mol) in ethanol (20 mL)
was carefully added to a solution of 2′,4′-dihydroxyacetophenone (0.015 mol), in
ethanol (30 mL) and stirred for 60 min at room temperature, followed by dropwise
addition over 10–15 min of benzaldehyde (0.015 mol) in ethanol (20 mL) at room
temperature. The resulting mixture was refluxed with stirring for 3–4 h and left
to stir further for 22–24 h at room temperature to give the desired product as a
crystalline solid after suction filtration and washing with ethanol. The crude product
was recrystallized fromwarmethanol. The productwas then allowed to dry in vacuum
at 50 °C overnight.
HL: Dark-yellow solid; Yield: 3.03 g (71.50%); Decomp. Temp. (°C): 233–234; IR
(νmax/cm−1): 1266 (C–O), 1538, 1436 (C=C), 1613 (C=N), 2981, 2894 (CH3/CH2),
3404 (OH); UV-Vis (DMF): λmax/nm (cm−1): 277 (36,101), 309 (32,362), 381
(26,247); Anal. Calcd. for C17H18N2O2 (%): C 72.32, H 6.43, N 9.92; Found (%): C
72.17, H 6.31, N 9.86.

17.2.4 General Procedure for the Synthesis of Nickel(II)
Complexes

Preparation of the complexes were by the addition of 0.001 mol of nickel salts
[NiCl2 · 6H2O (0.2377 g); NiBr2 · 3H2O (0.2726 g); Ni(NO3)2 · 6H2O (0.2908 g);
(CH3COO)2Ni · 4H2O (0.2489g)] dissolved in about 20mLof ethanol, into awarmed
ethanolic solution (20 mL) of HL (0.001 mol, 0.2823 g) in a 1:1 molar ratio. The
colour of the solutions changed within a few minutes of interactions. The resulting
solution was refluxed for 3 h. The precipitated solids of the metal complexes were
filtered off from the reaction mixture, thoroughly rinsed with ethanol and dried over
anhydrous calcium chloride (Scheme 17.1).

17.2.4.1 Synthesis of [OHC6H3O:C(CH3):N(C2H4)N:CH:C6H5NiCl]

[Ni(L)Cl] · 3H2O: Red-brown solid; Yield: 155.9 mg (72.58%); Decomp. Temp.
(°C): 203–204; Conductivity (μS cm−1): 15.4; IR (νmax/cm−1): 3352 (O–H), 2907,
2805 (CH3/CH2), 1601 (C=N), 1539, 1441 (C=C), 1234 (C–O), 511 (Ni–N), 461
(Ni–O); UV-Vis (DMF): λmax/nm (cm−1): 278 (35,971), 316 (31,646), 388 (25,773),
439 (22,779), 545 (18,349); Anal. Calcd. for C17H23ClN2NiO5 (%): C 47.54, H 5.40,
N 6.52; Found (%): C 48.04, H 5.18, N 6.87; F. Wt (g): 429.52.
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Scheme 17.1 Proposed
structures of the synthesized
Schiff base (HL) and its
Ni(II) complexes
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17.2.4.2 Synthesis of [OHC6H3O:C(CH3):N(C2H4)N:CH:C6H5NiBr]

[Ni(L)Br] · 2H2O: Brownish-red solid; Yield: 148.3 mg (65.04%); Decomp. Temp.
(°C): 198–200; Conductivity (μS cm−1): 25.4; IR (νmax/cm−1): 3346 (O–H), 2989,
2917 (CH3/CH2), 1595 (C=N), 1537, 1442 (C=C), 1247 (C–O), 510 (Ni–N), 457
(Ni–O); UV-Vis (DMF): λmax/nm (cm−1): 279 (35,842), 318 (31,447), 397 (25,189),
432 (23,148), 554 (18,051); Anal. Calcd. for C17H21BrN2NiO4 (%): C 44.78, H 4.64,
N 6.14; Found (%): C 45.12, H 4.29, N 6.51; F. Wt (g): 455.96.

17.2.4.3 Synthesis of [OHC6H3O:C(CH3):N(C2H4)N:CH:C6H5NiNO3]

[Ni(L)NO3] · 3H2O: Brownish-red solid;Yield: 139.5mg (61.18%);Decomp. Temp.
(°C): 192–193; Conductivity (μS cm−1): 23.2; IR (νmax/cm−1): 3339 (O–H), 2992,
2923 (CH3/CH2), 1607 (C=N), 1542, 1446 (C=C), 1435, 1303 (N–O: asym/sym),
1246 (C–O), 512 (Ni–N), 456 (Ni–O); UV-Vis (DMF): λmax/nm (cm−1): 279
(35,842), 316 (31,646), 395 (25,316), 436 (22,936), 560 (17,857); Anal. Calcd. for
C17H23N3NiO8 (%): C 44.77, H 5.08, N 9.21; Found (%): C 44.92, H 5.52, N 9.33;
F. Wt (g): 456.07.

17.2.4.4 Synthesis
of [OHC6H3O:C(CH3):N(C2H4)N:CH:C6H5NiCH3COO]

[Ni(L)CH3COO] · 2H2O: Reddish-brown solid; Yield: 145.6 mg (66.91%);
Decomp. Temp. (°C): 190–191; Conductivity (μS cm−1): 10.3; IR (νmax/cm−1):
3349 (O–H), 2977, 2937 (CH3/CH2), 1606 (C=N), 1533, 1439 (C=C), 1557, 1351
(OAc: asym/sym), 1241 (C–O), 501 (Ni–N), 459 (Ni–O); UV-Vis (DMF): λmax/nm
(cm−1): 280 (35,971), 320 (31,250), 391 (25,575), 441 (22,676), 552 (18,116); Anal.
Calcd. for C19H24N2NiO6 (%): C 52.45, H 5.56, N 6.44; Found (%): C 53.14, H 5.82,
N 6.08; F. Wt (g): 435.10.

17.2.5 Biological Evaluations

17.2.5.1 Antioxidant Assay

2,2-Diphenyl-1-Picrylhydrazyl (DPPH) Free Radical Scavenging Activity
(FRSA) Assay

DPPH radical scavenging activity evaluation is a standard assay in antioxidant activ-
ity studies. The scavenging activity of the prepared nickel(II) complexes was studied
spectrophotometrically by DPPH method [6]. The method is a quick procedure for
evaluating the scavenging capacities of potential compounds [6]. The radical scav-
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enging properties of the as-synthesized complexes and ligand with DPPH radical
were assessed within different concentrations (100, 200, 300, 400, and 500 μg/mL)
of the test compounds in DMF solutions (1 mL), added to 1.0 mL of 0.4 mM DPPH
in methanol and thoroughly vortexed. The mixtures were incubated at room temper-
ature in the dark for 30 min, after which the scavenging power of the test samples
was measured with respect to the decrease in the absorbance of DPPH at 517 nm.
In this study, gallic acid, rutin and ascorbic acid were used as standard drugs. The
colour change signifies that the DPPH is scavenged by the antioxidant, through the
involvement of hydrogen to form stable DPPHmolecule, leading to a decrease in the
absorbance. All tests analyses were carried out in three replicates to obtain mean ±
S.D.

ABTS: 2,2′-Azino-Bis(3-Ethylbenzothiazoline-6-Sulfonic Acid) Radical
Scavenging Assay

Schiff base ligand (HL) and the Ni(II)-Schiff base complexes ABTS scavenging
ability were evaluated following a previous method [12]. 7 mM ABTS solution and
2.4 mM potassium persulfate (K2S2O8) solution in equal amounts were prepared as
the working solution and left to react further in the dark for 12 h at room temperature.
An absorbance of 0.706 ± 0.001 units at 734 nm required for the analysis was
obtained by diluting 1mLABTS+ solution. 1mLof the test samples at concentrations
100, 200, 300, 400, and 500 μg/mL in DMF were mixed with 1 mL of the ABTS+

solution, followedby the spectrophotometric reading at 734 nmafter incubation in the
dark for 15 min at room temperature. The samples for ABTS scavenging potentials
alongside standard drugs [gallic acid, rutin and butylated hydroxyl toluene (BHT)]
were assessed. Triplicate analysis was carried out. ABTS scavenging ability of the
Ni(II)-Schiff base complexes were determined using previously described methods
[6, 12].

The percentage inhibition of the radical scavenging activities was calculated using
the Eq. 17.1:

Percentage scavenging activity = Absorbance of control − Absorbance of sample

Absorbance of control
× 100

(17.1)

where

Abscontrol is the absorbance of the radical + solvent;
Abssample is the absorbance of radical + sample [test samples/standard].
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17.2.5.2 In Vitro Antimicrobial Studies

Micro-Dilution Bioassay

The strains for the present study were maintained in the Biotechnology Laboratory at
Vanderbijlpark, Vaal University of Technology and consisted of two Gram-positive
(Staphylococcus aureusATCC-25923 andEnterococcus faecalisATCC-29212), two
Gram-negative (Klebsiella pneumoniaeATCC-13883 and Pseudomonas aeruginosa
ATCC-15442) bacteria, and two fungi [Candida albicans (ATCC-14053) and Cryp-
tococcus neoformans (ATCC-14116)]. The cultures of bacteria were maintained on
Mueller HintonAgar (MHA) plates at 4 °C, while the fungi weremaintained onYeast
Malt (YM) broth plates at 4 °C throughout the study and used as stock cultures.

Antibacterial Activity: Determination of Minimum Inhibitory Concentration
(MIC)

MIC of the as-synthesized Schiff base ligand and nickel(II) complexes against the
bacterial strains was investigated by a rapid p-iodonitrotetrazolium chloride (INT)
colorimetric assay [17]. Overnight cultures incubated at 37 °C in a water bath with an
orbital shaker (Sallayicili: ST 30, Turkey) of Gram-positive: Staphylococcus aureus
and Enterococcus faecalis, and Gram-negative: Klebsiella pneumoniae and Pseu-
domonas aeruginosa bacterial strains were diluted with sterileMueller-Hinton (MH)
broth to give a final inocula of approximately 106 CFU/mL (colony forming units).
Stock solutions of the synthesized compounds were dissolved in DMSO to a con-
centration of 25 mg/mL. 100 μL of each test sample solution was serially diluted
two-fold with sterile distilled water in a 96-well microtiter plate for each of the
bacterial strains to a final concentration range of 6250.00–48.83 μg/mL. A 2-fold
dilution of neomycin (Sigma-Aldrich, Germany) (1 mg/mL) was used as a pos-
itive control (antibiotic) against each bacterium to a final concentration range of
250.00–1.95μg/mL, and dimethyl sulfoxide was used as the solvent control. 100μL
of each bacterial culturewas added to eachwell. The plateswere coveredwith a sterile
plate sealer and then incubated at 37 °C for 24 h in 100% relative humidity.

Bacterial growth was indicated by the addition of 40 μL of 0.2 mg/mL p-
iodonitrotetrazolium chloride (INT) (Sigma-Aldrich, Germany) and further incuba-
tion at 37 °C for 24 h. Since the colourless tetrazolium salt is biologically reduced to
a red product due to the presence of active organisms, the MIC values were recorded
visually as the lowest concentration that led to growth inhibition. A reddish-pink
colour indicated bacterial growth in the wells.
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Antifungal Activity: Determination of Minimum Inhibitory Concentration
(MIC)

Amodifiedmicrodilutionmethod for fungi [17] was used to determine the antifungal
activity of the synthesized compounds against Candida albicans and Cryptococcus
neoformans. An overnight fungal culture was prepared in yeast malt (YM) broth.
400 μL of this culture was added to 4 mL sterile saline, and absorbance was read
at 530 nm. The absorbance was then adjusted with sterile saline to give a 0.5 M
McFarland standard solution. From this standardized fungal stock, a 1:1000 dilution
with sterile YM broth was prepared to give a final inoculum of≈106 CFU/mL. Stock
solutions of the synthesized compounds were dissolved in DMSO to a concentration
of 25 mg/mL. 100 μL of each solution was serially diluted two-fold with sterile
water in a 96-well microtitre plate. A similar two-fold dilution of amphotericin B
(Sigma-Aldrich, Germany) (2.5 mg/mL) was used as the positive control to a final
concentration range of 625.00–4.88 μg/mL, while DMSO was used as the solvent
control. 100μL of the diluted fungal culture was added to each well. The plates were
covered with a sterile plate sealer and incubated at 37 °C for 24 h. As an indicator
of growth, 40 μL (0.2 mg/mL) INT was added and the plates were incubated for
a further 24 h at 37 °C. MIC value was recorded as the lowest concentration that
inhibited fungal growth after 48 h.

17.3 Results and Discussion

17.3.1 Synthesis and Characterization of the Compounds

The Schiff base ligand, 4-[(1E)-N-{2-[(Z)-benzylideneamino]ethyl}
ethanimidoyl]benzene-1,3-diol (HL) and its nickel(II) complexes were sub-
jected to elemental analyses, IR, UV-vis and 1H NMR spectral studies. Elemental
analyses results (C, H, and N) are in good agreement with those required by
the proposed formulae (Scheme 17.1). NiX2 · nH2O reacted with the tridentate
Schiff base ligand (under reflux) giving rise to reddish-brown to brownish-red
coloured complexes which are sparingly soluble in most organic solvents, but
soluble in the polar aprotic solvents such as DMF and DMSO; the melting point
analysis showed that the as-synthesized compounds were decomposing before
melting. The analytical data collected for the compounds are in agreement with the
structural formulae proposed [Ni(L)X] · n(H2O) [where L = 4-[(1E)-N-{2-[(Z)-
benzylideneamino]ethyl} ethanimidoyl]benzene-1,3-diol, X = Cl−, Br−, NO3

−,
CH3COO−] (see Scheme 17.1). The tridentate Schiff base ligand displayed signifi-
cant chelating properties, as shown by the immediate precipitation of the complexes
when HL encounters Ni2+ salt forming coloured complexes. The analytical data
indicated that the metal to ligand ratio is 1:1 for all the complex systems. The
preparation of the complexes may be represented by the Eq. (17.2) below:
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NiX2 · nH2O + HL → [Ni(L)X] + HX + nH2O (17.2)

(where X = Cl−, Br−, NO3
−, CH3COO−).

17.3.2 Infrared Absorption Spectra

The ligand to metal ion binding mode of the as-synthesized compounds was exam-
ined via the free ligand IR spectrum with potential ONN donor sites and compared
with the spectra of the heterocyclic nickel(II) complexes. Broad band at 3404 cm−1

is attributed to ν(O–H) stretching vibrations in the free Schiff ligand. In the nickel
complexes spectra, broad bands in the region 3339–3352 cm−1 are due to the ν(OH)
stretching of the H2O molecules associated with the complexes [10–12]. The disap-
pearance of ligand broad stretching vibrations at 3404 cm−1 in the complexes can be
attributed to the deprotonation of one phenolic OH and subsequent coordination to
the metal center (Fig. 17.1). The involvement of a deprotonated phenolic moiety in

Fig. 17.1 FT-IR spectral
bands of the Schiff base
(HL) and Ni(II) complexes
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the complexes was affirmed by the ν(C–O) stretching band observed at 1266 cm−1

in the free ligand, undergoing a bathochromic shift to the extent of 19–32 cm−1 in
the synthesized complexes [12, 15]. This shift to a lower frequency confirms the
coordination of the phenolic oxygen leading to the formation of stronger C–O–M
bond [12, 17].

TheHL ligand showed amedium intensity ν(C=N) azomethine band at 1613 cm−1

[12, 18]. Upon complexation, this band was shifted towards lower frequency about
6–18 cm−1 in the heterocyclic Ni(II) compounds, indicative of nitrogen of the azome-
thine group bonding to the Ni ion [15, 18, 19]. This fact was further supported by the
appearance of new bands assignable to ν(Ni–N) stretching vibrations in the region of
501–512 cm−1. Another band appeared in the region 456–461 cm−1, assignable to the
interaction of the phenolic oxygen to the metal atom, ν(Ni–O) stretching vibrations
(Fig. 17.1) [11, 12, 15, 18, 19].

In the [Ni(L)CH3COO] spectrum, the asymmetric carboxyl νasym(COO−) was
shifted to a higher frequency 1557 cm−1 region, while the shift to a lower frequency
region (1351 cm−1) is assigned to symmetric carboxyl νsym(COO−), signifying link-
age of the carboxylate oxygen atoms to the Ni(II) ion. The difference between the
νasym(COO−) and νsym(COO−) bands gave a separation value of 206 cm−1 suggest-
ing that the binding of carboxylate group to Ni(II) ion is monodentate [11, 15, 17].
The infrared spectrum of the nitrato complex revealed three (N–O) stretching bands
at 1435 cm−1 (ν5), 1303 cm−1 (ν1), and 1043 cm−1 (ν2). The ν5 and ν1 stretching
vibrations are separated (�) by 132 cm−1 suggesting the unicoordination pattern of
nitrate ion within the complex sphere [15, 17]. The stretching vibrations in the region
790–860 cm−1 are assigned to water vibrational rocking modes confirming that the
water molecules are not bonded directly to the Ni(II) ions [12, 18]. The ring skeletal
vibrations, ν(C=C), were consistent in both the ligand (HL) and the Ni(II)-Schiff
base complexes and were unaffected by complexation [12].

17.3.3 1H-NMR Spectral Studies

Proton NMR spectrum of the Schiff base ligand (HL) was documented in DMSO-d6
using TMS as an internal standard at room temperature. The proton resonance of
one of the O–H groups appeared at δ 9.76 ppm due to the presence of intramolecular
hydrogen bonding [3, 11]. The single proton resonance in the spectrum of the ligand
occurring at δ 8.39 ppm is assigned to the azomethine proton (–CH=N–) [11, 19].
Phenyl (benzaldehyde) protons (m, 5H, C6H5) were observed at δ 7.25–7.74 ppm.
The protons of 2′,4′-dihydroxyacetophenone ring at 5 and 6 positions come up as a
multiplet at δ 6.04–6.14 ppm (m, 2H, –C2H2), while at position 3, it occurred as a
singlet at 6.36 ppm (s, H, –CH), and the enolic OH appeared at 5.39 ppm (s, 1H).
The aliphatic protons (s, 4H, –C2H4) in the ethylenediamine chain showed a singlet
peak at 3.83 ppm. The peak at 2.09 ppm (s, 3H, N=C–CH3) is due to methyl protons
of the azomethine group in the Schiff base ligand [11, 12, 15, 18, 19].
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17.3.4 Molar Conductivity Measurements

The molar conductivity (

V

m) in μS cm−1 of the Ni(II) complexes is calculated using
10−3 M solutions in DMF, by the relation

V

m = k/c. The molar conductance values
were found in the range 10.3–25.4 μS cm−1 indicating the non-electrolytic nature of
the compounds [3, 12]. Furthermore, it designated the bonding of the anions to the
nickel cation and the complexes may be formulated as [Ni(L)X] [where L = ONN
Schiff base ligand, X = Cl−, Br−, NO3

−, CH3COO−]. The order of conductivity of
the Ni(II) complexes in terms of the anions is: CH3COO− < Cl− < NO3

− < Br− [2,
15, 17].

17.3.5 Electronic Absorption Spectra

The UV-Vis spectra of the Ni(II) complexes and its Schiff base ligand in DMF
solutions were recorded at room temperature ranging from 200 to 800 nm. The free
ligand showed absorption bands at 36,101, 32,362 and 26,247 cm−1 which may be
attributable to intraligand π-π*, n-π* and charge transfer transitions (Fig. 17.2) [12,
18]. The longer wavelength band in the spectrum of the Schiff base is assigned to
intramolecular charge transfer, while the other bands are due to π-π*, and n-π*
transitions involving molecular orbitals of the (>C=N) azomethine groups which is
influenced by charge transfer interaction [9, 15, 19].

The electronic spectra of the Ni(II) complexes exhibited a shoulder around
25,773–25,189 cm−1 attributable to M → L charge-transfer transitions (MLCT).
The shifting of these bands in the complexes spectra followed the participation of
the imine group nitrogen and phenolic group oxygen in bonding [9, 20]. Two absorp-
tion bands at around 23,148–22,676 and 18,349–17,857 cm−1 may be assigned to two
spin-allowed transitions, 1A1g (D) → 1A2g (G), 1A1g (D) → 1B2g (G), respectively,
characteristic of square-planar geometry around Ni(II) ion [12, 16, 21].

17.3.6 Powder X-ray Diffraction Spectroscopy

XRD pattern of the Ni(II) complexes bearing Cl−, Br−, NO3
−, and CH3COO− were

recorded in the range 2θ = 0–70° and are shown in Fig. 17.3. The pattern of the
metal complexes was studied to obtain further evidence about the structure of the
metal complexes at wavelength 1.5406 Å. The XRD pattern of the complexes shows
well defined crystalline peaks indicating that the nickel(II)-Schiff base complexes
were in crystalline phase [5]. The average crystallite size of the complexes dXRD was
calculated from XRD patterns using the Debye-Scherrer formula [17]:

dXRD = 0.9λ/β(cos θ) (17.3)
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Fig. 17.2 Electronic
absorption spectra of HL and
Ni(II) complexes
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where ‘λ’ is the wavelength, ‘β’ is the full width at half maxima and ‘θ’ is the diffrac-
tion angle. Using the full width at half maximum intensity of the peaks, the pattern
reveals the complexes to possess average crystallite sizes of 29, 27, 34, and 41 nm
for [Ni(L)Cl], [Ni(L)Br], [Ni(L)NO3] and [Ni(L)CH3COO] respectively, suggesting
a nanostructure for the as-synthesized complexes [18, 20].

17.3.7 Thermogravimetric Analysis (TGA) of the Complexes

The thermal studies of the synthesizedNi(II) complexes bearing different anionswere
investigated by thermogravimetric techniques. Thermogravimetric and derivative
thermogravimetric analysis (TGA/DTA) of the synthesized nickel Schiff base com-
pounds were carried out under a nitrogen atmosphere at a heating rate of 10 °Cmin−1

from 20 to 900 °C. TG/DTG results were plotted as percentage weight loss against
temperature, providing insight into the nature, properties of various molecules and
the residues obtained after thermal decomposition [2, 12, 13, 15, 20]. Decomposition
of the complexes takes place in several steps. Water molecules were lost in between



296 I. P. Ejidike et al.

10 20 30 40 50

2θ 

 Ni(L)Cl

In
te

ns
ity

 (a
rb

. u
ni

ts
)

10 20 30 40 50

2θ 

 Ni(L)Br

In
te

ns
ity

 (a
rb

. u
ni

ts
)

10 20 30 40 50
2θ 

 Ni(L)NO3

In
te

ns
ity

 (a
rb

. u
ni

ts
)

10 20 30 40 50
2θ 

Ni(L)CH 3COO

In
te

ns
ity

 (a
rb

. u
ni

ts
)

Fig. 17.3 Powder XRD patterns of the Ni(II) complexes

33 and 104 °C, and metal oxides were formed above 405 °C for the Ni(II) complexes
(Fig. 17.4).

The complexes thermally decomposed in four successive decomposition steps
with the exception of [Ni(L)Br] · 2H2O exhibiting three decomposition steps.
[Ni(L)Cl] · 3H2O decomposition steps were in the temperature ranges 33–104,
254–304, 316–345, and 348–405 °C, and total mass loss was 62.43% (calc. 60.51%).
[Ni(L)NO3] · 3H2Owas stable up to 46 °C and its decomposition started at 48 °C and
was complete at 536 °C, with TG temperatures of 48–90, 194–271, 280–311, and
411–536 °C giving rise tomass loss of about 60.43% (calc. 59.77%). The decomposi-
tion of [Ni(L)CH3COO] · 2H2O took place within the temperature range 44–434 °C.
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Fig. 17.4 TG curves of the
Ni(II)-Schiff base complexes
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The decomposition steps were in the temperature range 44–99, 151–180, 256–304,
and 392–434 °C, with mass loss of 54.37% (calc. 55.29%). The decomposition of
the [Ni(L)Br] · 2H2O occurred within the temperature range 40–584 °C. The decom-
position temperature steps range from 40–101, 281–392, and 450–584 °C, with a
mass loss of 64.67% (calc. 65.81%). The various steps in the decomposition of the
metal complexes were as a result of dehydration step indicating the presence of water
molecules in the complex, loss of anions (Cl−, Br−, NO3

−, CH3COO−), the break-
down of the ligand and Schiff base ligand molecule, and the formation of NiO [11,
15, 17].

17.3.8 Antioxidant Assays

The production of free radicals brings about cell wall and DNA damage, leading to
chronic diseases, such as cancers and cardiovascular diseases. The oxidative dam-
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ages caused by reactive oxygen species on proteins, lipids, and nucleic acids may
produce atherosclerosis, cancer, coronary heart disease, Parkinson’s disease, and
aging [4, 12]. Therefore, the ability of organic moieties like Schiff base ligands and
their metal complexes to scavenge free radicals is a significant property. To pre-
vent the free radical impairment in the body system, it is significant to administer
chemotherapeutic drugs that may be rich in antioxidants.

Metal-based antioxidants have gained attention owing to their ability to safe-
guard cells and living organisms from damage caused by oxidative stress or scav-
enging free radicals [4, 22]. In this study, the antioxidant study was carried out using
different concentrations of the Schiff base ligand (HL) and Ni(II) complexes in
DMF as a solvent with 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 2,2′-azino-bis(3-
ethylbenzothiazoline-6-sulfonic acid) (ABTS) radicals. Ascorbic acid (vitamin C),
rutin, gallic acid and butylated hydroxytoluene (BHT) were employed as standard
agents.

17.3.8.1 DPPH (2,2-Diphenyl-1-Picrylhydrazyl) Radical Scavenging
Assay

The quantitative antioxidant activity of the Schiff base (HL) and its Ni(II) complexes
was evaluated spectrophotometrically by DPPH assay alongside the standards: rutin,
gallic acid, and ascorbic acid. Reduction in the DPPH radical abilities was calculated
based on the decrease in its absorbance at 517 nm prompted by antioxidants [12,
17]. The chelated Ni(II)-Schiff base complexes showed considerable DPPH radical
scavenging ability in all the concentrations examined compared to the corresponding
free ligand (HL). IC50 and its corresponding R2 (correlation coefficient) values of
the tested compounds are listed in Table 17.1.

[Ni(L)NO3] showed significantly highest scavenging ability (IC50 = 2.54 ±
1.18 μM) compared to the other complexes: [Ni(L)Cl], [Ni(L)Br], [Ni(L)CH3COO]
with scavenging ability (IC50): 3.03± 1.36, 2.97± 0.95, and 2.91± 0.71μMrespec-
tively. Scavenging ability of the test samples on theDPPH radical can be ranked in the
following order: [Gallic acid] > [Vit. C] > [Rutin] > [Ni(L)NO3] > [Ni(L)CH3COO] >
[Ni(L)Br] > [Ni(L)Cl] > [HL] (Fig. 17.5). Consequently, the isolatedNi(II)-tridentate
Schiff base complexes were observed to exhibit DPPH scavenging potentials at var-
ious concentrations, thereby making them potential compounds for developing anti-
stress inducing agents [17].

17.3.8.2 ABTS: 2,2′-Azino-Bis(3-Ethylbenzothiazoline-6-Sulfonic Acid)
Radical Scavenging Activity

The synthesized compounds were further measured for free radical scavenging activ-
ity by theABTSmethod [12].At 734nm, the absorbance of the activeABTS+ solution
declined upon the addition of different concentrations of heterocyclic Ni(II) com-
plexes and HL, and the same trend was observed for the standard drugs with respect
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Table 17.1 In vitro antioxidant studies of the synthesized compounds and standard agents against
DPPHa and ABTSa radicals

Compounds DPPH activity ABTS activity

IC50 (μM) R2 IC50 (μM) R2

HL 3.49 ± 1.57 0.913 2.77 ± 1.44 0.781

[Ni(L)Cl] 3.03 ± 1.36 0.921 2.91 ± 1.28 0.912

[Ni(L)Br] 2.97 ± 0.95 0.894 3.42 ± 0.86 0.892

[Ni(L)NO3] 2.54 ± 1.18 0.940 3.94 ± 1.19 0.846

[Ni(L)CH3COO] 2.91 ± 0.71 0.983 4.18 ± 1.48 0.798

Vit. Ca 1.74 ± 1.19 0.976 – –

Rutina 2.49 ± 1.27 0.835 2.86 ± 0.92 0.931

Gallic acida 1.44 ± 1.11 0.890 1.22 ± 1.08 0.949

BHTa – – 2.31 ± 1.30 0.971

(n = 3, X ± SEM), IC50-Inhibitory concentration; shows the inhibition of the radicals by the
examined compound at 50%, R2 = correlation coefficient
aStandards
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Fig. 17.5 DPPH scavenging potentials of HL, its Ni(II) complexes and standard drugs (n = 3)
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Fig. 17.6 ABTS activities of HL, its Ni(II) complexes and standard drugs (n = 3)

to the percentage ABTS inhibition [9]. The assay measures radical scavenging by
electron donation. The coordination of metal ion to the Schiff base resulted in a
lower spectrum of activity compared to that of the ligand (2.77 ± 1.44 μM) and
standards drugs used [rutin (2.86 ± 0.92 μM), gallic acid (1.22 ± 1.08 μM) and
BHT (2.31 ± 1.30 μM)]. The scavenging potentials of the ABTS+ radical by the
Schiff base (HL) and its Ni(II) complexes were found to exhibit moderate to high
activities (Table 17.1) [12, 17].

[Ni(L)Cl] complex exhibited the highest ABTS scavenging activity amongst the
studied complexes with an IC50 value of 2.91 ± 1.28 μM and R2 (correlation coef-
ficient) of 0.912 while [Ni(L)CH3COO] exhibited the least activity amongst the
complexes with an IC50 value of 4.18 ± 1.48 μM (Fig. 17.6). The ABTS scavenging
activity pattern of the test compounds is found to be [Gallic acid] > [BHT] > [HL]
> [Rutin] > [Ni(L)Cl] > [Ni(L)Br] > [Ni(L)NO3] > [Ni(L)CH3COO]. These results
show that the compounds in this study possess the ability to scavenge different free
radicals in different systems, signifying that they may be useful as therapeutic agents
for averting cell oxidative damage and treating pathological damage related with
radical generation and radical chains termination [4, 12, 22].

17.3.9 In Vitro Antimicrobial Activity

The Schiff base (HL) and the corresponding heterocyclic nickel(II) complexes
were investigated against two gram-positive bacterial strains: Staphylococcus aureus
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(ATCC-25923) and Enterococcus faecalis (ATCC-29212), two gram-negative bac-
terial strains: Klebsiella pneumoniae (ATCC-13883) and Pseudomonas aeruginosa
(ATCC-15442), and two fungi: Candida albicans (ATCC-14053) and Cryptococ-
cus neoformans (ATCC-14116). They were carried out using neomycin as a stan-
dard anti-bacterial control and amphotericin B as standard anti-fungal agent by p-
iodonitrotetrazolium chloride (INT) colorimetric assay [17] in which the effective-
ness of the test samples was observed at the lowest concentrations. The compounds
were tested at the concentrations of 6250.00–48.83 μg/mL in DMSO as the solvent.
The antimicrobial activity of the Schiff base ligand (HL) and the nickel(II) complexes
against bacterial and fungal strains are presented in Table 17.2.

The Ni(II) complexes bearing different anions (Cl−, Br−, NO3
−, CH3COO−)

showed increased activities compared to the ligand (HL) but exhibited lower poten-
tials as compared to the standard antibiotics: neomycin, and comparable antifungal
activities to the amphotericin B as a standard anti-fungal drug under same study
conditions (Figs. 17.7 and 17.8). The complexes showed moderate to good bio-
logical activity against the bacterial strains. [Ni(L)Br], [Ni(L)NO3], [Ni(L)Cl] and
[Ni(L)CH3COO] were found to have good activity against S. aureus with MIC
value of 390.6, 390.6, 781.3 and 781.3 μg/mL (Table 17.2 and Fig. 17.7). [Ni(L)Cl]
and [Ni(L)NO3] exhibited same minimum inhibitory concentration (781.3 μg/mL)
towards K. pneumoniae. The susceptibility of the selected microorganisms towards
[Ni(L)NO3] in terms of MIC follows the order: S. aureus (390.6 μg/mL) > K. pneu-
moniae (781.3 μg/mL) > E. faecalis (1563 μg/mL) = P. aeruginosa (1563 μg/mL).

In vitro antifungal screening results of the Schiff base (HL) and its Ni(II) com-
plexes tested against C. albicans and C. neoformans by microdilution method
using yeast malt (YM) broth as the medium are shown in Table 17.2. [Ni(L)Cl],
[Ni(L)Br], and [Ni(L)NO3] complexes exhibited antifungal activity with MIC
value of 48.83 μg/ml against C. albicans, while [Ni(L)Cl], [Ni(L)Br], and [Ni(L)
CH3COO] showed a MIC value of 48.83 μg/ml against C. neoformans, both com-
parable to amphotericin B (an antifungal drug).

Table 17.2 Minimum inhibitory concentration (MIC) (μg/mL) of the Schiff base ligand [HL] and
its Ni(II) complexes

Compounds Gram (+) bacteria Gram (−) bacteria Fungi

S. aureus E.
faecalis

K. pneu-
moniae

P. aerugi-
nosa

C.
albicans

C. neo-
formans

HL 1563 3125 1563 1563 781.3 195.3

[Ni(L)Cl] 781.3 1563 781.3 1563 48.83 48.83

[Ni(L)Br] 390.6 1563 1563 1563 48.83 48.83

[Ni(L)NO3] 390.6 1563 781.3 1563 48.83 97.66

[Ni(L)CH3COO] 781.3 1563 1563 1563 97.66 48.83

Neomycina 1.953 3.906 1.953 3.906 – –

Amphotericin Ba – – – – 48.83 48.83

aStandards
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Fig. 17.7 Antibacterial
activities of the ligand (HL),
neomycin and Ni(II)
complexes
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Cell wall synthesis disruption can be related to normal cell process blockage
due to hydrogen-bond formation via cell constituent active centers with (>CH=N–)
azomethine group (Fig. 17.9) present in the synthesized compounds [15, 19], this in
turn brings about the cytoplasmic membrane damage and cell death [17, 19]. The
higher biological activity of nickel complexes compared to that of the ligand (HL)
can be explained by Overtone’s Concept and Tweedy’s Chelation Theory [5, 15,
18, 19]. Chelation reduces the polarity of the central metal ions due to the partial
sharing of its positive charge with the donor groups and possible delocalization of
π-electrons within the entire chelate ring, thus increasing the lipophilic nature of the
nickel ions, which leads to liposolubility and permeability through the lipid layer of
cell membranes [5, 12, 18].

The presence of different anionic groups coordinated to the Ni(II) ions resulted
in bioactivity against strains at various concentrations and the effect on the normal
cell membrane [1–3, 12]. The variation in the activity of nickel complexes against
different organisms depends either on the impermeability of cells of the microbes
or differences in the ribosomes of microbial cells [3, 6, 18]. The particle size of
the compounds also partly affects their antimicrobial activity, because nanosized
particles exhibit increased antimicrobial activity [6, 17].

Fig. 17.9 3D structural optimization of the Schiff base (HL)
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17.4 Conclusion

A tridentate Schiff base, 4-[(1E)-N-{2-[(Z)-benzylideneamino]ethyl}-
ethanimidoyl]benzene-1,3-diol] derived from the condensation of 2′,4′-
dihydroxyacetophenone and benzaldehyde with ethylenediamine, and its Ni(II)
complexes bearing Cl−, Br−, NO3

−, CH3COO− have been described and character-
ized by elemental analyses, molar conductivity, UV-Vis, FT-IR, thermal analysis, 1H
NMR, and XRD. Spectral data showed that the Schiff base HL acts as a tridentate
chelating ligand, coordinating through the azomethine nitrogen atoms and the
phenol oxygen atom. Conductivity measurements showed the complexes to be
non-electrolytes in DMF. The microanalyses were in conformity with the proposed
structures. Square-planar geometry was assigned to the synthesized complexes
based on the elemental and spectral information. Free radical scavenging properties
revealed that the Ni(II)-HL complexes possessed good antioxidant activities. The
outcome from DPPH and ABTS inhibition studies revealed that the compounds are
capable of donating electron or hydrogen atom, which in turn terminate the chain
reactions in a dose-dependent pattern. The antibacterial and antifungal activities of
the Schiff base (HL) and its heterocyclic nickel complexes were screened against
bacterial and fungal strains: S. aureus, E. faecalis, K. pneumoniae, P. aeruginosa, C.
albicans, and C. neoformans. [Ni(L)Br] and [Ni(L)NO3] were found to have good
activity against S. aureus with MIC value of 390.6 μg/mL. Furthermore, the MIC
of some of the nickel complexes exhibited activity comparable to the standard drug
for anti-fungal screening.
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Chapter 18
Synthesis of Heterocycle-Appended
4-Aminoquinazolines
with Antiproliferative Properties
and Potential to Inhibit Tyrosine Kinases

Malose Jack Mphahlele, Marole Maria Maluleka
and Mmakwena Modlicious Mmonwa

Abstract The 4-anilinoquinazoline derivatives have established themselves as
inhibitors of epidermal growth factor receptor (EGFR) tyrosine kinase phospho-
rylation. Molecular hybridization to replace the aniline moiety with a hetero-
cyclic scaffold has been found to lead to heterocycle-appended quinazolines with
enhanced biological properties and reduced side effects. We have also merged
7-amino-2-arylindole and 7-amino-2-arylbenzofuran moieties with the 2-aryl-4-
chloroquinazolines to afford indole- and benzofuran-appended 4-aminoquinazoline
analogues of gefitinib. The preparedmolecular hybridswere evaluated for antigrowth
effect against a panel of EGFR-positive cell lines, such as the human lung cancer
(A549), epithelial colorectal adenocarcinoma (Caco-2), hepatocellular carcinoma
(C3A), breast adenocarcinoma (MCF-7) and cervical cancer (HeLa) cell lines. These
compoundswere also evaluated for their ability to inhibit EGFR tyrosine kinase phos-
phorylation complemented with molecular docking into the adenosine triphosphate
(ATP) binding site.

18.1 Introduction

Nitrogen-containing small heterocycles such as quinazolines and indoles continue
to attract considerable attention in targeted therapies as antitumor drugs. The 4-
anilinoquinazolines shown in Fig. 18.1, for example, have been found to produce
anticancer activity through inhibition of the epidermal growth factor receptor tyrosine
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Fig. 18.1 Examples of the medicinally important 4-anilinoquinazolines with anticancer properties

kinase (EGFR-TK) phosphorylation, which results from competitive binding at the
ATP site [1–3]. This receptor is overexpressed in various types of tumours including
colon, non-small cell lung, prostate, breast and ovarian cancers [4, 5]. The EGFR
continues to be an attractive target for the design and development of compounds
that can specifically bind to it and inhibit its tyrosine kinase (TK) activity and its
signal transduction pathway in cancer cells [6]. Gefitinib (A) shown in Fig. 18.1, is
an example of a poly-substituted 4-anilinoquinazoline drug used for the treatment
of non-small-cell lung cancer (NSCLC) with sensitive mutations of the EGFR [7].
Vandetanib (B), on the other hand, has been found to be a selective inhibitor that
targets the vascular endothelial growth factor receptor (VEGFR) and the EGFR
signal transduction pathways for the treatment of breast cancer [8]. Lapatinib (C)
also shown in Fig. 18.1 is a 6-heteroaryl substituted 4-anilinoquinazoline derivative,
which is an oral dual TK inhibitor that targets both EGFR and HER2 to inhibit the
proliferation of breast cancer cells [9].

Most of the EGFR-TK inhibitors have a common 4-aminoquinazoline core and
only differ in terms of the substituents and side chains. Structure–activity relation-
ship studies investigating the ability of the 4-anilinoquinazolines to inhibit EGFR-TK
activity revealed that both of the quinazoline nitrogen atoms are essential for anti-
cancer activity [10]. Any nitrogen substitution in the ring system of a quinazoline
resulted in decreased biological activity. Replacement of the quinazoline ring with
a quinoline moiety, for example, resulted in 200-fold less affinity for EGFR [10].
The aniline moiety bearing lipophilic substituents such as chloro, bromo and tri-
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fluoromethyl group was also important as it occupies the lipophilic pocket [11].
Drug resistance is the major problem in almost half of the small molecules that
were developed for reversibly inhibiting EGFR tyrosine kinase [12]. This resulted
when the amino acid threonine 790 was substituted by methionine (T790M) in the
ATP binding pocket of EGFR causing resistance in inhibitors such as gefitinib and
erlotinib [13].

In the design of new drugs, hybridization approach to merge two or more pharma-
cophores has been found to provide amore general method to obtain compoundswith
improved biological activities capable of overcoming multi-drug resistance. Cedi-
ranib/Recentin™ (D) shown in Fig. 18.2 is an example of an indole-ether quina-
zoline hybrid, which is a highly potent, orally bioavailable and selective vascular
endothelial growth factor receptor (VEGFR) inhibitor for the treatment of cancer
[14, 15]. 4-(1-Benzyl-1H-indol-3-yl)-6,7-dimethoxyquinazoline (E) represented in
Fig. 18.2, on the other hand, is an example of an indole-quinazoline hybrid that was
found to exhibit moderate ErbB-2 activity with little or no activity against EGFR
[16]. The analogous 4-(indole-3-yl)quinazolines were found to be highly potent
EGFR-TK inhibitors with excellent cytotoxic properties against several cancer cell
lines [17]. The N4-(1H-indol-5-yl)quinazoline-4,6-diamines (F), on the other hand,
were found to exhibit significant anti-inflammatory properties and dose-dependent
lipopolysaccharide-induced TNF-α and IL-6 release [18].
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Fig. 18.2 Examples of indole-appended quinazoline hybrids of biological importance
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Literature search revealed several methods for merging the quinazoline moiety
with other scaffolds to form molecular hybrids with enhanced biological properties.
These methods are discussed below.

18.2 Methods for Preparation of Indole-Quinazoline
Hybrids

The 4-(indole-3-yl)quinazolines 5 shown in Scheme 18.1 were previously prepared
via the reaction of indolyl-magnesium derivatives 2 with 4-chloroquinazolines 3 in
diethyl ether under reflux followed by hydrolysis of the intermediates 4 [17]. The
indole-quinazoline hybrids 5b–f were found to be potent inhibitors of EGFR-TK
activity with IC50 values ranging from 131 to 533 nM [16]. In addition, compounds
5c and 5f were also found to inhibit human epidermal growth factor receptor 2-
tyrosine kinase (HER-2-TK) at 100 nM.

Aluminium chloride-catalyzed cross-coupling of indoles 6 with 2,4-
dichloroquinazoline 7 in dry dichloroethane under nitrogen atmosphere at
75–80 °C previously afforded 2-chloro-4-(3-indolyl)quinazolines 8 (R = H, –CH3)
(Scheme 18.2) [19]. Compounds 8 were further reacted with cyclic amines to form
2-amino-4-(3-indolyl)quinazolines, which were found to exhibit anti-leishmanial
and/or anti-proliferative activities against the prostate carcinoma (DU145), breast
adenocarcinoma (MCF-7), oral epidermal carcinoma (KB) and cervical carcinoma
(C33A) [19].

Indium(III) chloride (InCl3)-catalyzed hybridization of indole 9 with 4-
chloroquinazoline 10a (R=H, R′ =N, R′′ = Ph) or 10b (R= Cl, R′ = CH, R′′ =H)
in acetonitrile under microwave irradiation at 150W and 120 °C afforded the 4-(1H-
indol-3-yl)-2-phenylquinazoline 11a (R = H, R′ = N, R′′ = Ph) in 78% yield or its
analogous 7-chloro-4-(1H-indol-3-yl)quinolone 11b (R = Cl, R′ = CH, R′′ = H) in
89%yield (Scheme 18.3) [20]. The use of phenol as a catalyst in the reaction of 9with
10b afforded 11b as a major product along with a 4-phenoxyquinoline. Furthermore,
11b was obtained in 82, 83, and 84% yields when boron trifluoride diethyl etherate
(BF3·Et2O), indium(III) trifluoromethanesulfonate or gallium trichloride were used
as catalysts, respectively. However, the use of ytterbium(III) trifluoromethanesul-
fonate or cerium ammonium nitrate as catalysts led to the recovery of the starting
material.

N′-(2-Cyano-4-nitro-phenyl)-N,N-dimethylformamidine 13 was reacted with 5-
aminoindoles 14 in acetic acid under reflux to afford (6-nitro-quinazolin-4-yl)-(1H-
indol-5-yl)-amines 15 (R = –CH3, propyl, allyl) (Scheme 18.4) [17]. Compound
13 used as precursor was, in turn, prepared via the condensation of 2-amino-5-
nitrobenzonitrile 12with dimethylformamide dimethyl acetal in toluene under reflux
(Scheme 18.4). Compounds 15were further reduced to their corresponding N4-(1H-
indol-5-yl)-quinazoline-4,6-diamine derivatives which were also found to exhibit
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Scheme 18.1 Hybridization of 2 with 3 to afford 5

anti-inflammatory properties against lipopolysaccharide-induced TNF-α and IL-6
expression [17].

We considered our previous work on the antiproliferative properties of the 2-
arylindoles [21] and the 4-anilinoquinazolines [22, 23] in combination with the lit-
erature analyses on bioactive compounds containing these moieties and decided to
merge the 4-aminoquinazoline moiety with the indole and benzofuran rings, respec-
tively.
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18.3 Preparation of Indole-Appended Aminoquinazoline
Hybrids

The indole-appended 4-aminoquinazolines 18a–h were prepared via HCl catalyzed
amination of the electrophilic 2-aryl-4-chloroquinazoline derivatives 17a and 17b
with 7-aminoindoles 16a–d in tetrahydrofuran-isopropanol (THF-iPrOH) mixture
under reflux (Scheme 18.5) [24]. Compounds 18a–h were evaluated for antigrowth
effect in vitro against the human lung cancer (A549), epithelial colorectal adenocar-
cinoma (Caco-2), hepatocellular carcinoma (C3A), breast adenocarcinoma (MCF-7)
and cervical cancer (HeLa) cell lines. Hybrids 18f and 18g were found to have cyto-
toxicity against most of the cancer cell lines and to inhibit the EGFR-TK activity
against gefitinib (IC5038.9 nM) as a reference standard with the IC50 values 52.5 and
40.7 nM, respectively [24].

18.4 Preparation of Benzofuran-Appended
Aminoquinazoline Hybrids

Despite what looks like a simple molecular framework, a thorough literature search
revealed that no attempts have beenmade before towards the synthesis of benzofuran-
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appended quinazoline hybrids in which the two pharmacophores are linked through
a heteroatom bridge. We reacted the nucleophilic 7-aminobenzofurans 23a–e with
the electrophilic 6-bromo-4-chloro-2-(4-halogenophenyl)quinazoline 24a (X = F)
or 24b (X = Cl) in the presence of 5% HCl in isopropanol (iPrOH) under reflux for
4 h (Scheme 18.6) [25]. We successfully isolated compounds characterized using
a combination of spectroscopic (NMR, IR, MS) and single crystal X-ray diffrac-
tion technique as the corresponding benzofuran-aminoquinazoline hybrids 25a–e
or 25f–j, respectively. Since the molecular construct of compounds 25a–j resem-
bles that of the EGFR-TK inhibitor, gefitinib, we evaluated them for antiprolifer-
ative effect against a panel of EGFR-positive cancer cell lines, namely, the A549,
Caco-2, C3A (HepG2/C3A) and HeLa cell lines [25]. Among them compound 25d
showed significant cytotoxicity against theC3Acell line (LC50 =9.0μM)when com-
pared to gefitinib (LC50 = 5.01 μM) and compound 25j was also found to exhibit
increased cytotoxicity against the Caco-2 cells (LC50 = 18.4 μM) more so than
gefitinib (LC50 = 27.9 μM). Mechanistic studies demonstrated that the benzofuran-
appended aminoquinazoline hybrids 25d and 25j induced apoptosis via activation
of caspase-3 pathway. Moreover, compounds 25d and 25j exhibited significant and
moderate inhibitory effects against EGFR (IC50 = 29.3 and 61.5 nM, respectively)
when compared to gefitinib (IC50 = 33.1 nM).
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4-CF3OC6H4- 77 (21e) 78 (22e) 85 (23e) 82 (25e) 84 (25j)

Scheme 18.6 Amination of 24 with 23 to afford benzofuran-aminoquinazoline hybrids 25
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18.5 Conclusions and Perspective

We have demonstrated that the indole or benzofuran moieties can be linked with
the quinazoline scaffold through an amino bridge to produce molecular hybrids with
structural resemblance to the medicinally important 4-anilinoquinazoline deriva-
tives. The prepared molecular hybrids have been evaluated for cytotoxicity in vitro
against a panel of cancer cell lines and for inhibitory effect against the EGFR-TK
phosphorylation. Since these compounds may also target proteins other than EGFR,
future studies will also be extended to other types of protein kinases to explore the
mechanism of action and selectivity of the title compounds. The observed results
and structure activity relationship (SAR) form a basis for the design and synthesis
of more potent heterocycle-appended aminoquinazoline hybrids in which the two
pharmacophores are linked by a heteroatom bridge.
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Chapter 19
Chemical Refinement of Chromium
Metaphosphate Product Isolated
from Geological Mineral Ore Samples

Trevor T. Chiweshe

Abstract Fusion of geological mineral ores (SARM131, UG2 chromite andMeren-
sky Reef) using ammonium phosphate salt as flux yielded chromiummetaphosphate
products (Cr(PO3)3) which contained Fe, Al, Si and Mg as impurities. Microscope,
Raman and SEM-EDX spectroscopic analysis of the green Cr(PO3)3 products identi-
fied these impurities as dark inclusions which survived the fusion process which con-
tained 4.5–6.1% (Fe), 3.1–4.6% (Si), 1.7–2.4% (Al) and 0.6–1.0% (Mg). A repeat of
the fusion procedure using chromium salts (chlorides and nitrates) and oxide yielded
Cr(PO3)3 products containing 0.7–4.8% (Si) and 0.6–2.8% (Al) as impurities. The
source of impurities from these Cr(PO3)3 products was determined to be from the
corrosion of the ceramic crucible. The removal of these impurities was achieved by
heating the contaminated Cr(PO3)3 in aqua regia and isolating the insoluble dark
particles as residues. SEM-EDX analysis of the final green product showed a pure
chromium metaphosphate with no traces of impurities.

Keywords Chromium metaphosphate · Ammonium phosphate · Raman
spectroscopy · SEM-EDX analysis

19.1 Introduction

In South Africa, the biggest source of chromite (FeCr2O4, 69–70%) is obtained
from the Upper Group 2 deposits (UG2) in the Bushveld Igneous Complex (BIC),
which is mainly beneficiated for its platinum group elements (PGE) content [1]. A
low-grade chromite concentrate is produced as by-product from the PGE extraction
process which accounts for approximately 30% of chrome produced in the country
[2]. In 2013 world-wide chromium ore production reached 29 million tons with
the balance of production made up by producers in India, Kazakhstan, Turkey and
Russia. Statistics indicate that 95% of the chromium metal produced is consumed
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by the metallurgical industry for the production of specialized alloys and the rest in
the refractory/foundry (3.2%) and chemical industries (1.6%) [3, 4].

The higher chromium content in the UG2 ores compared to the Merensky ores
requires higher furnace temperatures to operate. This often results in sticky chrome
compounds build-up in the furnaces which often requires constant monitoring to
avoid frequent shutdown of the plant [5]. The gravity separation together with the
flotation processes that were developed for the processing of the Merensky ore has
its limitations in the beneficiation of the UG2 ore due to the smaller PGE mineral
grain sizes and the high chromium levels.

In a number of previous studies, we investigated different PGE mineral ore sam-
ples from aPGEperspective [6]. The aims of these studies involved analyticalmethod
development and validation to ensure the accurate quantification of PGE in these
ore samples. Complete sample dissolution was crucial for the complete and accu-
rate chemical profiling of these ores. The use of sodium phosphate salts as flux
(HNa2PO4/H2NaPO4) was extremely successful in the complete dissolution of the
UG2 chromite, Merensky and SARM 131 samples, but the high Na+ content in
the form of easily ionized elements (EIE’s), compromised the accurate quantifica-
tion of the PGE in the final solutions using ICP technique. The replacement of the
sodium salts with the ammonium analogues and the addition of an internal standard
eliminated the analytical problem. Surprisingly, the chromium in these samples pre-
cipitated quantitatively after the dissolution of the melt in water. The isolated green
precipitates were successfully identified as the chromium metaphosphate (C-type
Cr(PO3)3) using XRD analysis [6].

Numerous Cr(PO3)3 synthetic methods have been reported [7, 8], some as early as
1846 [9]. Currently, six different chromium metaphosphates have been identified to
date (i.e. A, B, C, D, E and F-types), but only two, namely B and C, were structurally
characterized [10]. Other types of characterization of Cr(PO3)3 included magnetic
properties, IR, UV/vis, ERS, and Mössbauer spectroscopy. The crystal structure of
the C-type reported by Gruss and Glaum revealed a three dimensional structure
with infinite PO3

− chains and individual CrO6 octahedral [11]. This super structure
accounts for the high degree of chemical, mechanical and thermal stability which
is evident in its insolubility in different mineral acids. Possible applications for this
highly inert compound include anticorrosive inorganic pigments, catalysts and heat
sensors [12, 13].

A discrepancy between the ICP and EDX analytical results prompted a revisit
to the isolation of the green Cr(PO3)3 from the different mineral sources. The ICP
analysis of the green precipitate revealed a product with high purity (and very little
contamination), while the EDX showed the presence of approximately 5% Fe in the
element analysis. The question thus arises if the isolation method produced products
that may have Fe as a metaphosphate present, or do the presence of Fe may be
attributed to contamination from the original sample (small amounts of unreacted
mineral). It was also decided to include in this investigation the formation ofCr(PO3)3
using different pure chromium inorganic salts and oxide in order to determine the
purity of the chromium products and the possible Fe source.
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19.2 Experimental

19.2.1 Chemicals, Instrumentation and Experimental
Procedures

19.2.1.1 Reagents and Labware

Chromium(III)chloride hexahydrate (CrCl3·6H2O), chromium(III)nitrate nonahy-
drate (Cr(NO3)3·9H2O), chromium(VI) oxide (CrO3) and ammonium dihydrogen
phosphate ((NH4)H2PO4) (99%)were purchased fromMerckwhilst the ceramic cru-
cibles (capacity, 150 mL) were purchased from Terra Nova Ceramics (South Africa).
The certified reference material (SARM 131) was supplied by Xstrata Wonderkop
Plant, South Africa whilst the UG2 chromite and the Merensky Reef mineral ore
were obtained from the BIC near Rustenburg [14]. Hydrochloric acid (10 M), nitric
acid (15 M), aqua regia, orthophosphoric acid (15 M) and sulphuric acid (18 M)
were purchased from Sigma-Aldrich. Volumetric flasks used in this research study
were of Blaubrand grade A type and the glass beakers were of the Schott Duran type.
Ultra-pure deionized water (conductivity, 0.01μS/cm) was used for all experimental
analyses and all quantitative results were recorded as an average of 3 replicates.

19.2.1.2 Instrumentation

Sample fusion was achieved using a Barnstead Thermolyne furnace (max tempera-
ture 1300 °C)whilst a Shimadzu ICPS-7510 ICP-OESwith a radial sequential plasma
spectrometer was used for wet chemical analysis. Default settings/conditions for the
ICP-OES measurements were used in order to achieve the best precision and accu-
racy of results (Table 19.1). The Eutech CyberScan (pH 1500) was used for the pH
measurement. Characterization of the isolated chromium metaphosphates products
were done using a Digilab (FTS 2000) infrared (IR) spectrometer, an Oxford X-
MaxN energy dispersive X-ray spectrometer (EDX) equipped with a Tescan VEGA3

Table 19.1 Selected
ICP-OES operating
conditions for metal analysis

Parameter Condition

RF power 1.2 kW

Coolant gas flow rate 14.0 L/min

Plasma gas flow rate 1.2 L/min

Carrier gas flow rate 0.7 L/min

Sample uptake method Peristaltic pump

Type of spray chamber Glass cyclonic

Type of nebulizer Concentric

Injector tube diameter 3.0 mm
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scanning electron microscope (SEM) (Center of Microscopy, University of the Free
State) and a Renishaw InVia Raman spectrometer (Division of Chemistry and Envi-
ronmental Sciences, Manchester Metropolitan University, UK).

19.2.2 Experimental Procedures

19.2.2.1 ICP-OES Multi-element Calibration Standards

Multi-element calibration standard solutions for the elemental analysis of impurities
were prepared from the original standard solutions (1000 ppm) and were diluted to
concentrations between 0.5 and 10.0 ppm in separate volumetric flasks (100.0 mL)
using a ‘Transferpette’ micro-pipette. Hydrochloric acid (5.0 mL; 10 M) was added
and the flasks were filled to the mark using ultra-pure deionized water.

19.2.2.2 Preparation and Characterization of Chromium
Metaphosphate Products Isolated from SARM 131, UG2
Chromite, Merensky Reef, CrO3, CrCl3·6H2O
and Cr(NO3)3·9H2O

Powdered samples of SARM131,UG2chromite,MerenskyReef, CrO3,CrCl3·6H2O
and Cr(NO3)3·9H2O were transferred into separate crucibles and mixed uniformly
with (NH4)H2PO4 salt in the ratio of 1:25. Each mixture was placed in a pre-heated
furnace (800 °C) until a red-hot molten liquid (~25 min) was obtained. The solid
green glassy melt obtained for each sample was dissolved in deionized water which
resulted in an instant precipitation of the green solid products (previously identi-
fied as chromium metaphosphate—see discussion) with the percentage yield of 93,
87, 87, 83, 26 and 10% respectively. The chromium metaphosphate products were
characterized using IR (Fig. 19.1).

19.2.2.3 Analysis of the Chromium Metaphosphate Products Using
Raman Spectroscopy

The isolated chromiummetaphosphate compounds from SARM131, UG2 chromite,
Merensky Reef, Cr(NO3)3·9H2O, CrCl3·6H2O and CrO3 were further character-
ized using Raman spectroscopy. Samples analyzed using Raman spectroscopy were
mounted on double-sided carbon tape fixed onto glass microscope slides. Analysis
was done using either a Renishaw InVia Raman microscope or a DXR Raman scope
fitted with a Peltier-cooled charge-coupled device detector. The source of excite-
ment was a 514.5 nm Ar+ laser in the case of the Renishaw and 532 or 780 nm in the
case of the latter instrument. Data acquisition was carried out with the WireTM and
Spectralcalc software packages from Renishaw (Fig. 19.2). Spectral identification
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Fig. 19.1 Infrared spectra of the chromium metaphosphate products isolated from a SARM 131,
b UG2 chromite, c Merensky Reef, d CrO3, e CrCl3·6H2O, and f Cr(NO3)3·9H2O

Fig. 19.2 Raman spectra of
the chromium
metaphosphate products
isolated from a SARM 131,
b UG2 chromite ore,
c Merensky Reef ore,
d Cr(NO3)3·9H2O, e CrO3,
and f CrCl3·6H2O
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was done using an in-house spectral library, RRUFF database and a commercially
available spectral library via Spectracalc software (GRAMS, Galactic Industries).

19.2.2.4 Analysis of the Chromium Metaphosphate Products Using
SEM-EDX Spectroscopy

Samples of the chromium metaphosphates isolated from SARM 131, UG2 chromite
ore, Merensky Reef ore, Cr(NO3)3·9H2O, CrO3 and CrCl3·6H2O were mounted on
aluminium pin stubs using double-sided carbon tape. Specimens were imaged using
back scatter imaging and analyzed with a JSM-7800F Extreme-resolution Analytical
Field Emission SEM (FE-SEM) equipped with an Oxford Instruments X-MaxN
80 EDX detector and Ztec EDX Software. Samples were analyzed at 10 kV and at
WD of 10 mm. SEM-EDX images of the chromium metaphosphate product from
the geological samples (SARM 131, UG2 chromite and Merensky Reef ore) were
compared with the obtained images from the chromium salts and oxide (chromium
nitrate, chromium chloride and chromium oxide) (Fig. 19.3).

19.2.2.5 Determination of Impurities in the Isolated Chromium
Metaphosphates Products

A blank test analysis was performed to determine the source of impurities in the
chromium metaphosphate products. Ammonium phosphate flux was heated in a
ceramic crucible for ca. 25 min and the resultant melt was dissolved in deionised
water and analysed using ICP-OES. Qualitative analysis results of the blank solution
showed the presence of Si, Al and Mg in trace amounts (less than 5 ppm). Impurities
in the chromiummetaphosphate productswere successfully isolated using aqua regia
and semi-quantitative analysis of the isolated impurities using ICP-OES showed the
presence of Ca, Fe, Si, Al and Mg (<5 ppm).

19.3 Results and Discussion

19.3.1 IR Spectroscopy

Chromium metaphosphate compounds were prepared by fusing SARM 131, UG2
and Merensky Reef (geological ores samples) with ammonium phosphate salt as
flux using theratio of 1:25 respectively [15]. The isolated chromium products from
the geological samples were visually compared with those from the Cr(NO3)3·9H2O,
CrCl3·6H2O andCrO3 (chromium salts and oxide samples) to determine any physical
similarities or differences. Products obtained from the geological samples were more
crystalline than those obtained from the salts and oxide. Characterization using IR
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Fig. 19.3 SEM-EDX analysis of the Cr(PO3)3 products isolated from a SARM 131, b UG2
chromite ore, c Merensky Reef ore, d Cr(NO3)3·9H2O, e CrCl3·6H2O, and f CrO3
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Fig. 19.3 (continued)
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Fig. 19.3 (continued)
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spectroscopy of all the products (see Fig. 19.1 and Table 19.2) showed common
stretching frequencies in the region of 1250, 964, 767 and 713 cm−1 [16]. Stretching
frequencies corresponding to the antisymmetric vibration of P–Ogroupswere clearly
visible in the region of 1250–1256 and 962–979 cm−1 whilst the symmetric stretching
frequencies appeared in the region of 718–719 cm−1. The broad band bearing two
minor peaks appearing in the region of 1089–1137 and 1015–1043 cm−1 were due
to the simultaneous existence of PO2 and PO3 groups [17]. The presence of these
characteristic peaks confirmed the existence of chromium metaphosphate in all the
isolated chromium products.

19.3.2 Raman Analysis

Characterization of the chromium metaphosphate products using Raman spec-
troscopywas designed to determine the presence of impurities and also to confirm the
IR results. Raman images of the isolated chromiummetaphosphate products isolated
from the SARM 131, UG2 chromite, Merensky Reef, Cr(NO3)3·9H2O, CrCl3·6H2O
andCrO3 revealedgranular particles thatwere less crystalline for the chloride, needle-
like crystals for the nitrate and amorphous for the oxide. The white light images of
SARM 131, UG2 chromite andMerensky Reef revealed angular crystalline particles
that were cuboid in shape that varied in colour from white-grey to black with fewer
dark inclusions. The Cr(PO3)3 particles from the chloride, nitrate and oxide were
covered by an amorphous or crystalline appearing vivid green with no traces of dark
inclusions. Someof the particles in all the sampleswere laser sensitive andfluoresced,
but these were limited. All the Cr(PO3)3 samples displayed similar spectra, although
quite a few of the spectra fluoresced. The obtained spectra for all the Cr(PO3)3 dis-
played prominent peaks in the region of 713 cm−1 followed by strong peaks at 1212,
1305, 216, 264 and 393 cm−1 andmedium tomedium-strong intensity bands at 1038,
1112, 602, 552, 527, 154 and 145 cm−1. Some impurities displayed different spectra
that resulted in the 1226 cm−1 band to be the weaker one and 677 cm−1 the strongest.

19.3.3 SEM-EDX Determination of Impurities
in the Chromium Metaphosphate Products

Determination of impurities in the chromium metaphosphate products isolated from
SARM131, UG2 andMerensky Reef was further performed using SEM-EDX analy-
sis to determine themorphological structure of theproducts. The results of the isolated
chromium precipitates (see Fig. 19.3) isolated from the geological samples showed
micro-crystalline, cubic crystal-like structure which suggested the possibility of a
pure compound which were all similar to the products isolated from the chromium
salts. Chromium metaphosphate product isolated from the oxide was visually dif-
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ferent with larger and more irregular, almost amorphous-like particles. The EDX
spectra (Fig. 19.3) showed the presence of Cr, P and O as major elements with emis-
sion intensities increasing from Cr < O < P. The qualitative results reported revealed
smaller amounts of Fe, Si, Al and Mg as impurities in the chromium products from
the geological samples and Si and Al from the salts and oxide. The common differ-
ence between these two products was the presence of Fe and Mg in the geological
samples (Table 19.3).

The presence of Fe andMg elements in the final product was largely postulated to
be the result of the undigested starting material (chromite, (Fe, Mg, Al)Cr2O4) or co-
precipitation of these metals as phosphates. The elemental composition of P (32.2%)
and O (45.8%) in the chromium metaphosphate were consistent in both products
except for Cr which kept fluctuating between 7 and 25%. The fluctuations were due
to the signal interference between the Cr (Kα) and the O (Lα) emissions (Fig. 19.4)
which are some of the reasons that limit the accuracy of elemental analysis using
EDX technique [18].

A blank analysis test was conducted using ammoniumphosphate flux to determine
the possible source of interference. Results obtained from this analysis showed the
presence of Si (0.7–4.8%) and Al (0.6–2.8%) in the resultant melt. Visual analysis
of the ceramic crucible under the microscope revealed parts of the crucible that were
slightly corroded by the ammonium phosphate flux. The presence of Si and Al in
all the isolated chromium metaphosphates compounds was clear evidence of the
consistent attack of the ceramic crucible. The source of the remaining impurities
(Fe and Mg) was determined by examining the dark particles which were previously
identified using Raman spectroscopy.

Separation of the impurities using solubility differenceswas performed using con-
centrated mineral acids (HCl, HNO3, H2SO4 and H3PO4) and organic solvents. The
results yielded no positive results except for aqua regiawhich yielded a cloudy green
suspension with dark particles (impurities) settling at the bottom. The heterogeneous
mixture enabled the removal of the dark residue through decanting. The isolated dark

Table 19.3 EDX analysis results of the Cr(PO3)3 products isolated from the SARM 131, UG2
chromite, Merensky Reef, Cr(NO3)3·9H2O, CrCl3·6H2O and CrO3 together with the EDX elemen-
tal composition of the dark impurities and the purified Cr(PO3)3

Cr(PO3)3 (%) Cr P O Fe Si Al Mg

SARM 131 9.1 33.0 46.2 6.1 3.1 1.8 0.6

UG2 chromite 8.4 32.9 47.0 4.5 4.3 2.4 0.6

Merensky Reef 7.6 34.0 46.0 4.7 4.6 1.7 1.0

Cr(NO3)3·9H2O 13.3 31.7 47.4 – 4.8 2.8 –

CrCl3·6H2O 15.0 32.3 46.9 – 3.6 2.3 –

CrO3 24.9 33.4 40.4 – 0.7 0.6 –

Dark impurities 11.2 26.1 55.4 3.8 1.2 2.0 0.5

Purified Cr(PO3)3 27.3 34.3 37.4 – – – –

Italics—Impurities
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Fig. 19.4 Interference on
the chromium signal with
oxygen

particles (impurities) were analysed using SEM-EDX analysis (see Table 19.3) and
the results showed the presence of Fe (3.8 wt%), Si (1.2 wt%), Al (2.0 wt%) and
Mg (0.5 wt%). Clear green chromium metaphosphate powder was obtained after the
suspended green solution was left to stand overnight. SEM-EDX analysis results
of the purified chromium metaphosphate product revealed the presence of Cr (27.3
wt%), P (34.3 wt%) and O (37.4 wt%) without traces of impurities.

19.4 Conclusion

Chromium metaphosphate products isolated from the geological samples (SARM
131,UG2 chromite andMerenskyReef)were found to contain particles of undigested
starting material. Visual analysis using microscopy together with Raman analysis
revealed the presence of dark inclusions in the chromium metaphosphates isolated
from the geological samples. No traces of dark particles (undigested particles) were
detected from the chromium metaphosphate isolated from the salts and oxide. The
dark impuritieswere successfully separated from the chromiummetaphosphate prod-
uct using aqua regia. SEM-EDX analysis of the isolated dark particles (impurities)
showed the presence of Fe, Si, Al and Mg. The purified Cr(PO3)3 contained Cr (27.3
wt%), P (34.3 wt%) and O (37.4 wt%) with no traces of impurities.
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Chapter 20
Preparation and Characterization
of Ag–TiO2 Modified Polyethersulfone
(PES) Membranes for Potential
Applications in Water Treatment

Kate Kotlhao, Vusumzi E. Pakade, Fanyana M. Mtunzi,
Richard M. Moutloali and Michael J. Klink

Abstract Silver–titanium dioxide/polyamide thin film composite (Ag–TiO2/PA-
TFC) membrane was fabricated by interfacial polymerization (IP) using polyether-
sulfone (PES) as a support material. The Ag–TiO2 nanocomposites (NCs) were syn-
thesized using precipitation and in situ chemical reduction method. Particles were
characterized using ultraviolet visible spectroscopy (UV-Vis), Fourier transmission
infrared (FTIR), X-ray diffractometer (XRD), energy dispersive X-ray (EDX) and
scanning electron microscopy (SEM) and investigated for antimicrobial activity. The
Ag–TiO2/PA-TFCmembranewas characterizedwith FTIR for the amide I functional
group and contact angle for surface hydrophilicity. TheAg–TiO2/PA-TFCmembrane
was further investigated for pure water flux and permeability, rejection, flux recovery
and fouling resistance using 2,4-dichlorophenol (2,4-DCP) as the organic foulant.
Modification of the polyamide thin film composite (PA-TFC) surface layer with
Ag–TiO2 NCs improved membrane hydrophilicity, permeation and fouling resis-
tance properties. Pure water flux increased from a low of 6.60 Lm−2h−1 for the neat
membrane to a high of 9.77 Lm−2h−1 for the composite membrane. A high flux
recovery of 94.4% was achieved with the composite membrane. Total fouling was
reduced by more than 27% from the neat PA-TFC to Ag–TiO2/PA-TFC membrane.
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Keywords Polyethersulfone (PES) · Interfacial polymerization · Ag–TiO2

nanocomposites (NCs) · Hydrophilicity · Antimicrobial

20.1 Introduction

Chlorophenols are among the pollutants that are increasingly reaching water sources
such as rivers and dams [1]. They have been listed as priority pollutants because of
the detrimental effects they pose to water quality, aquatic life, animals and humans
[2]. Sources of chlorophenols in water include various wastes from paper and pulp
industries, pesticides from agricultural lands, municipal water and mining industries
[3].

Membrane technology leads the water treatment industry owing to the unique
transport selectivity and separation principle [4]. However, membranes have a prob-
lem of fouling which limits their wider application. The resultant drawbacks in
fouling are increased cost, breakdowns, frequent cleaning, membrane degradation
and shorter life span [5]. One way of mitigating membrane fouling is by incorpo-
ration of nanomaterials (e.g. ZnO, TiO2, Ag, etc.) onto the membrane surface [6].
Nanoparticles (NPs) possess several advantages such as antibacterial activity [7],
photocatalytic [8] and hydrophilic properties. In a study by Safarpour et al. [9], the
zeolite modified thin film composite (TFC)membranes showed enhancedmembrane
permeability (high flux) and high solute rejection. Zeolite membranes are however,
limited in application because they are selective to charged molecules [10]. Carbon
nanotubes are also nanomaterials usually used in membranes. They have high spe-
cific surface area, high mechanical strength, excellent water transport properties and
chemical inertness [11]. However, the water purification mechanism of adsorption
and desorption is generally not ideal for removal of low concentration foulants due
to high losses [12].

Incorporation of Ag, ZnO and TiO2 nanomaterials into the membrane surface
layer results in better performance, in terms of permeability, antifouling properties,
solute rejection and membrane lifetime [13]. Silver NPs are known to possess high
antibacterial properties even at minimum concentrations of <0.001 mg/L [14].

Due to the mentioned detrimental effects of chlorophenols, there is need to come
upwithmethods that specifically target pollutants of lowmolecular weight. Although
conventional membranes such as nano-filtration (NF) and reverse osmosis (RO) are
capable of rejecting 2,4-dichlorophenol (2,4-DCP), the prevalent drawback is fouling
(organic and biofouling) which leads to reduced permeability and energy costs due
to high pressure requirements. To overcome the challenges, the current study reports
the synthesis of Ag–TiO2 NCs using a combination of precipitation and an in situ
chemical reduction method. The Ag–TiO2 NCs were embedded into the PA-TFC
membrane surface layer through interfacial polymerization using PES as a support
material. The purpose of PES was to enhance flux because of its porous structure
while the NCs particles were to enhance hydrophilicity and permeation, with the
silver component reducing biofouling. The constricted pore size of the thin film layer
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was for rejection of 2,4-DCP. The synthesizedNCs particleswere characterized using
UV-Vis, FTIR, XRD, SEM and EDX. Disc diffusion and MIC tests were performed
to investigate antimicrobial activity against E. coli. The fabricated membranes were
characterized with ATR-FTIR and contact angle and their performance investigated
using flux and permeability, percentage rejection of 2,4-DCP, flux recoveries and
antifouling propensity. To the best of our knowledge, rejection of 2,4-DCP using the
protocol described in this study has not been documented.

20.2 Experimental

20.2.1 Materials and Equipment

The chemicals used in the experiments were of analytical reagent grade and used
without any further purification. Commercial polyethersulfone, 5 kDa was supplied
by Microdyn Nadir. Sodium dodecyl sulphate (98.5%), piperazine (99%), trime-
soylchloride (98%), anhydrous hexane (95%), polyvinylpyrrolidone (PVP Mw =
10,000 g/mol), titanium tetra-butoxide (97%), Ti(OC4H9)4, acetic acid (CH3COOH,
32%), silver nitrate (99%), sodium borohydride (NaBH4, 99%) and sodium hydrox-
ide (NaOH, 97%) were obtained from Sigma–Aldrich.

20.2.2 Synthesis of Silver–Titanium Oxide (Ag–TiO2) NCs

The Ag–TiO2 NCs particles were synthesized using precipitation and an in situ
chemical reduction method [15]. A 50 ml ethanol solution with 7.7 ml titanium
tetrabutoxide (TBT) was placed in a beaker and 10 ml acetic acid (AcOH) added
slowly, under constant stirring at 4000 rpm. A 10 ml ethanol solution of silver nitrate
(0.010 g), equivalent of 3.0 wt% to Ti(OC4H9)4 was added into the reaction mixture
and 10 min later 0.030 g of NaBH4 (aq) in 10 ml ethanol was added to reduce silver
ions to silver atoms. Immediately, 0.9 g of polyvinylpyrrolidone (PVP) dissolved in
10 ml of ethanol was added to prevent agglomeration. The mixture was stirred for
a further 30 min after addition of PVP and it was allowed to maturate for 12 h. The
precipitate was centrifuged at 2000 rpm for 10 min, washed with deionized water
and ethanol, and then dried in an oven at 80 °C. The prepared powder was calcined
at 500 °C for 2 h [16].
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Table 20.1 Proportions of quantities of the organic phase, aqueous phase and the nanocomposites
in the preparation of PA-TFC and Ag–TiO2/PA-TFC membranes

PA-
TFC/Ag–TiO2
(wt%)

Organic phase Aqueous phase

TMC (wt%) Hexane
(wt%)

Piperazine
(wt%)

Water (wt%) Nano-
composites
(wt%)

PA-TFC 0.0 0.4 99.6 2 98 0.0

PA-TFC 0.5 0.4 99.6 2 98 0.5

PA-TFC 1.0 0.4 99.6 2 98 1.0

PA-TFC 1.5 0.4 99.6 2 98 1.5

PA-TFC 2.0 0.4 99.6 2 98 2.0

20.2.3 Antimicrobial Activity

Disc diffusion and minimum inhibitory concentration (MIC) procedures were the
same as in our previous paper [14].

20.2.4 Fabrication of PA-TFC Membranes

The procedure for the fabrication of PA-TFC membranes was adapted from Mbuli
et al. [17]. For pre-treatment of the membranes, the ultra-filtration (UF) PES support
membranes were soaked overnight in an aqueous solution of sodium dodecyl sul-
phate (0.5 wt%) before washing with deionized water for 1 h. Aqueous solutions of
piperazine and varied amounts of NCs (Ag–TiO2), and the organic phase of trime-
soyl chloride (TMC) in hexane were prepared according to the quantities shown
in Table 20.1. The mixtures were stirred in closed beakers for 1 h and the pH was
adjusted to 8.0 using ammonium chloride.

The PES membrane support was adhered to the glass plate using a thin double
sided tape. The aqueous solution was poured over the PES membrane and allowed to
soak for 5min. Excess solutionwas removed from themembrane using a rubber roller
and immediately the organic phase was gently poured, covering the PES membrane
for 60 s. After draining the excess organic phase, the PA-TFC was cured in the oven
at 65 °C for 15 min to ensure complete polymerization. The fabricated membranes
were washed three times with deionized water and stored wet and cold [18].

20.2.5 Characterization

The optical properties of the Ag–TiO2 NCs suspensions were characterized using
the Perkin Elmer UV-Vis, T80 double beam spectrophotometer. The absorption of
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composites was carried out in the wavelength range from 200 to 900 nm. The FT-
IR (Perkin Elmer, Spectrum 400) was used in the characterization of the Ag–TiO2

NCs. Analysis was carried out from 40 to 4000 cm−1 wavenumbers. For analysis of
the PA-TFC and Ag–TiO2/PA-TFC membranes, attenuated total reflectance Fourier
transform infrared (ATR–FTIR) spectroscopy (PerkinElmer Spectrum100 spectrom-
eter, USA) was used to study the changes on the chemical structure of the surface
layers at wavenumbers ranging from 650 to 4000 cm−1.

The XRD patterns for Ag–TiO2 NCs particles were investigated using Shimadzu-
XRD 700 X-Ray Diffractometer, Cu Kα radiation (λ = 1.154056 Å). Analysis was
carried out in the 2θ range from 10° to 90°.

The morphology of the samples was determined using scanning electron
microscopy (SEM), which also had an EDX functionality for elemental analysis and
these were performed at Botswana Institute for Technology Research and Innovation
laboratory (BITRI).

20.2.6 Hydrophilicity

Contact angle measures the hydrophobicity and hydrophilicity of the membrane.
Contact anglemeasurements for pure PES, PA-TFC andAg–TiO2 (0.5–2.0wt%)/PA-
TFC were determined using DSA 10 Mk2 (Krüss, Germany) equipment. Details of
the procedure are as stated in our previous paper [19].

20.2.7 Membrane Performance

Performance of the membrane was investigated using pure water flux and permeabil-
ity (membrane hydraulic resistance), rejection of 2,4-DCP, and flux recovery using
the stirred dead-end cell (Sterlitech, HP4750). Details of the stirred dead-end cell are
as stated in Dipheko et al. [19]. Before the filtration experiments were conducted, the
neat PES, PA-TFC and Ag–TiO2/PA-TFC membranes, cut to the correct diameter,
were compacted for 30 min at 1100 kPa to achieve stabilization. Pure water flux was
calculated using Eq. (20.1).

Jwo = m

A · t (20.1)

where Jwo is the pure water flux (Lm−2h−1), m is the volume (L), A is the effective
membrane area (m2) and t is the permeation time (h). The average flux was obtained
from three replicates.

For flux test, pure water was passed through the neat PA-TFC and prepared
Ag–TiO2/PA-TFC membranes. Pressure was increased from 200 to 800 kPa and
the corresponding volume of permeate was recorded every 15 min, the average of
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which was used to calculate flux using Eq. (20.1). The slope of the regression line
plot of flux against transmembrane pressure is the measure of permeability [20].

Rejection for 2,4-DCP using neat PA-TFC and Ag–TiO2/PA-TFC membranes
was assessed. The concentration of the feed and permeate were analyzed using an
ultraviolet visible spectrophotometer UV-2450 (Shimadzu). Percentage rejection of
2,4-DCP was calculated using Eq. (20.2) [21]:

R(% ) = Cf − Cp

Cf
× 100% (20.2)

where Cp is the concentration of 2,4-DCP in the permeate solution (mg/L) and Cf

is the concentration of 2,4-DCP in the feed solution (mg/L). The calibration curve
was prepared from 1 to 5 ppm. The standard solutions were prepared using 1:1 v/v
of 2,4-DCP and 5.0 M sodium carbonate solution respectively [22].

20.2.8 Antifouling Properties

The antifouling tests for the neat PA-TFC and Ag–TiO2/PA-TFC membranes were
investigated using water flux recovery after fouling the membranes with 2,4-DCP
solution. The membranes were subjected to pure water permeation for 60 min to
obtain initial water flux (Jwo). The feed solution was then changed to 2,4-DCP and
similarly filtered through the membranes to obtain (Jwt). The filtered membranes
were cleaned with deionized water for 10 min to remove loosely adsorbed 2,4-DCP
molecules. The membranes were re-assessed to obtain flux of cleaned membranes
(Jwc) [21]. Water recovery ratios (FRR) were determined using Eq. (20.3):

FRR (% ) = Jwc
Jwo

(20.3)

where Jwo, Jwt and Jwc are the water fluxes of pure water, 2,4-DCP solution and
cleaned membranes respectively.

Total fouling ratio (Rt), reversible fouling ratio (Rr) and irreversible fouling ratio
(Rir) were calculated using Eqs. (20.4), (20.5) and (20.6) [23].

Rr(%) =
[
Jwc − Jwt

Jwo

]
× 100 (20.4)

Rir(%) =
[
Jwo − Jwc

Jwo

]
× 100 (20.5)

Rt = Rr + Rir (20.6)

A lower Rt value means a better antifouling property, while a higher FRR value
indicates a higher cleaning efficiency.
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20.3 Results and Discussion

20.3.1 FT-IR

The FTIR spectra of Ag, TiO2 and Ag–TiO2 are shown in Fig. 20.1. In the Ag
spectrum the peak at 3019 cm−1 was assigned to be the CH– stretch. The weak
and broad peak appearing at 3186 cm−1 due to –OH stretching vibrations resulted
from the adsorbed water on the surface of the nanoparticles. The more intense peak
appearing at 1736 cm−1 was assigned to be the –C=O from PVP capping agent.
Other peaks from PVP were the C–N stretching vibrations at 1220 cm−1, the doublet
peaks at 1449 cm−1 (weak) and 1365 cm−1 (strong) due to the attached CH2 in the
pyrrole ring and the ring C–C– appearing at 797 cm−1 [24]. The significant band at
444 cm−1 was assigned as the characteristic peak of the stretching mode of Ag [25].
From the FTIR spectrum of TiO2 NPs, the results showed that the different peaks
assigned due to PVP on Ag NPs spectrum were not observed. This was attributed to
complete removal of PVP [24]. Similar results were obtained by Shajudheen et al.
[26]. Their FTIR spectrum for PVP capped TiO2 showed no peaks from PVP. The
results indicate that Ag NPs bind more to PVP than TiO2 because upon addition
of silver to TiO2, peaks characteristic to PVP were observed again in the Ag–TiO2

spectrum.
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Fig. 20.1 FTIR spectra for Ag, TiO2 NPs and Ag–TiO2 NCs
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20.3.2 UV-Vis

The UV-Vis optical absorption spectra for Ag, TiO2 and Ag–TiO2 are shown in
Fig. 20.2. Tauc plots were used to establish the band gap energies (Eg). This is a plot
of (αhν)2 versus photon energy in hν. The optical band gap energy Egwas determined
by extrapolating the linear portion to (αhν)2 = 0 as in Eq. (20.7):

α = K
(hv − Eg)2

hv
(20.7)

whereK is constant, hν is the photon energy andEg is the band gap energy for indirect
transitions and α, the absorption coefficient. UV-Vis spectrum for TiO2 NPs showed
an absorption edge in the UV region at 350 nmwith a calculated band gap of 3.54 eV.
Upon addition of 3.0 wt% of Ag to TiO2 as shown in the spectrum for Ag–TiO2,
there was an observable shift to 363 nm, which was due to introduction of Ag NPs.
The red shift resulted in reduction of the band gap from 3.54 to 3.41 eV for TiO2

and Ag–TiO2 respectively [27]. In a successful interaction between Ag and TiO2, an
energy level of silver is introduced that lies above the conduction band and below
the valence band of TiO2, resulting in reduced band gap [28]. The broad surface
plasmon resonance (SPR) peak observed in the Ag spectrum at 400 nm confirmed
the formation of Ag NPs [7]. Previous studies have attributed the SPR peak to be
due to spherically shaped Ag NPs [7].
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20.3.3 XRD

Figure 20.3a shows the XRD patterns for Ag, TiO2 NPs and Ag–TiO2 NCs.
The diffraction peaks at (25.50°), (37.89°), (48.40°), (53.98°), (55.29°), (62.65°),
(68.47°), (70.57°), and (75.34°) were indexed to (101), (004), (200), (105), (211),
(204), (220), (220) and (215) crystalline planes respectively. This corresponded to
the anatase phase of TiO2 according to JCPDS Card No. (21-1272). The anatase
phase was not affected by incorporation of Ag in the TiO2 structure. All peaks for
TiO2 and Ag–TiO2 were indexed and no peaks corresponding to silver oxide phase
were observed indicating purity of the synthesized nanoparticles [29]. Figure 20.3b
is an expansion of the (101) peak in the XRD pattern. A shift towards a smaller
2-theta value was observed in the Ag–TiO2 nanocomposite. This suggests that some
of the initial Ag+ ions replaced the Ti4+ and subsequent atoms distributed on the sur-
face of TiO2 structure. It is further confirmed in the Ag–TiO2 nanocomposite pattern
because no peaks due to Ag were observed [30].
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Fig. 20.3 a XRD patterns for Ag, TiO2 NPs and Ag–TiO2 (3 wt%) NCs and b an expansion of the
XRD pattern at the (101) peak
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20.3.4 SEM and EDX Analysis

The morphology of the nanoparticles and nanocomposites were investigated through
SEM analysis. Figure 20.4a–f show SEM images and results of EDX analysis for
Ag, TiO2 NPs and Ag–TiO2 (3 wt%) NCs respectively. The SEM image for Ag
NPs showed mostly spherically-shaped particles (Fig. 20.4a). The TiO2 micrograph
(Fig. 20.4b) showed particles with non-uniform morphology with a few clusters
of agglomerated particles. For Ag–TiO2 (Fig. 20.4c), the SEM image revealed the
presence of silver appearing as bright white irregular shaped tiny spots, most of the
particles appearing spheroid or oblate spheroid [31].

Energy dispersive X-ray (EDX) analysis was performed to further establish the
elemental presence and percentage weight of silver in the Ag–TiO2 (3 wt%) NCs
particles and formation of Ag, and TiO2 nanoparticles. Figure 20.4d–f show the
EDX spectra for Ag, TiO2 and Ag–TiO2 (3 wt%). In the EDX spectrum of Ag
(Fig. 20.4d), the only element observed was Ag. For TiO2, Ti and O elements were
observed with no extra peaks of impurity (Fig. 20.4e). However, in Ag–TiO2 (3 wt%)
NCs particles, apart from Ag, Ti and O elements, there were some minor traces of
vanadium observed (Fig. 20.4f). It was observed that V showed some overlap with
Ti element and this could have had an effect on the percentage abundance of Ti. The
presence of V was attributed to impurities from SEM instrument.

20.3.5 Antimicrobial Properties

Figure 20.5a shows the MIC results for TiO2, Ag, and Ag–TiO2 (1–5 wt%). The
results indicate that TiO2 alone could not inhibit the growth of E. coli bacteria. Upon
incorporation of Ag to TiO2, an increasing trend of inhibition against the bacteria
was observed. At 3 and 5 wt% Ag to TiO2 the minimum concentration for inhibition
was 3.12 and 1.56 mg/L respectively. Growth inhibition of bacteria by nanoparticles
is reported to be a result of a combination of factors such as size, morphology of
nanoparticles and the characteristics of the organism being tested [32]. Figure 20.5b
shows the results of disc diffusion with zones of inhibition at 0.0, 10.8 and 12.6 mm
for TiO2, Ag and Ag–TiO2 respectively. The results are in agreement with MIC
results.

20.3.6 Membrane Characterization

20.3.6.1 ATR-FTIR for Membranes

Figure 20.6 depicts the ATR-FTIR spectra of PES, PA-TFC and Ag–TiO2/PA-TFC
(0.5–2.0 wt%) membranes. The PES membrane consists of an aromatic ring and
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Fig. 20.4 SEM images and EDX spectra of Ag (a, d), TiO2 (b, e) and Ag–TiO2 (c, f) respectively



342 K. Kotlhao et al.

Fig. 20.4 (continued)
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Fig. 20.5 a MIC results for Ag, TiO2 and Ag–TiO2 (1–5%) and b triplicate results of disc diffusion
against E. coli

800 1200 1600 2000 2400 2800 3200 3600 400

PES

PA-
TFC

 0.5
1.0
1.5
2.0

1549

1249

1163

1753
1660 (C=O)

1365

 (S=O 
assymetric)

(S=O
 Symmetric)

(C 6H 6 stretch)
1456

752
(Ti-O-Ti)

3381

2855

2918

Fig. 20.6 The FTIR spectra of neat PES, PA-TFC and Ag–TiO2/PA-TFC at different amounts of
Ag–TiO2: 0.0, 0.5, 1.0, 1.5 and 2.0 wt%
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two sulfonyl groups. The asymmetric and symmetric S=O bands were observed at
1365 and 1163 cm−1 [33]. A band at 1660 cm−1 was due to the aromatic polyamide
carbonyl carbon, C=O stretching (amide I). The band at 1753 cm−1 was assigned as
the –C=O stretching from PVP as was observed in the FTIR spectra for NCs particles
[34]. Strong bands that appeared at 2855 and 2918 cm−1 region on the PA-TFC and
Ag–TiO2/PA-TFC (0.5–2.0 wt%) membranes were due to the asymmetric and sym-
metric CH2 stretching from piperazine aliphatic ring. The broad band at 3381 cm−1

was assigned as the –OH stretch [35]. The intensity of the –OH group on the mem-
brane surface increased with increasing concentration of the Ag–TiO2 NCs. Similar
results were obtained by Li et al. [38] shown by the IR spectra of Ag–TiO2/PDVF
membrane. They also observed an increasing intensity of the –OH band with addi-
tion of Ag–TiO2 on the PVDF membrane. They attributed it to increasing surface
hydroxyl groups due to additional photocatalytic characteristic property of TiO2 [36].

20.3.6.2 Membrane Hydrophilicity

The results in Fig. 20.7 show that as the amount of Ag–TiO2 was increased on the PA-
TFCmembranes there was a decline in contact angle from 60.8° to 33.3° reaching an
optimumat 1.5wt% and an increase at 2.0wt%. The decreasing trend in contact angle
is due to increasing hydrophilicity of the membranes. Hydrophilic membranes have
a contact angle between 0° < θ < 90°, while hydrophobic membranes have a contact
angle of 90° < θ < 180° [37]. Contact angles from a study by Li and coworkers, on
incorporation of Ag–TiO2 NCs into a PVDF membrane also revealed a remarkable
increase in hydrophilicity with the angles reducing by 40°–60° [38].

Fig. 20.7 Water contact
angles for PES, neat PA-TFC
(0.0) and Ag–TiO2/PA-TFC
(0.5–2.0 wt%)
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Table 20.2 Pure water
hydraulic permeability for
PES, PA-TFC and
Ag–TiO2/PA-TFC
membranes

Membrane Pure water hydraulic permeability
(Lm−2h−1/kPa)

PES 0.100

PA-TFC 0.009

Ag–TiO2/PA-TFC 0.021

20.3.7 Water Flux and Permeation

The results of membrane pure water permeation for PA-TFC and Ag–TiO2/PA-TFC
membranes are shown in Table 20.2. Pure water permeation increased from 0.009
to 0.021 Lm−2h−1/kPa on PA-TFC and Ag–TiO2/PA-TFC membranes respectively.
This indicates enhanced water transportation across the modified membrane com-
pared to the neat PA-TFC membrane.

20.3.8 Rejection of 2,4-DCP

Figure 20.8 shows the % rejection of 2,4-DCP using the PA-TFC and Ag–TiO2/PA-
TFC membranes and the insert is the calibration curve for 2,4-DCP. Rejection of
2,4-DCP from neat PA-TFC was 58%, which was comparable to the one obtained
by Hidalgo et al. [39]. Upon modification with Ag–TiO2, rejection of the 2,4-DCP
increased to 84.8%. This was attributed to repulsive forces between the inherently
negatively charged PA-TFCmembrane and negatively charged molecule of 2,4-DCP
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[40]. At pH above the pKa for 2,4-DCP (pKa 7.89), (which in this case was recorded
as pH = 8.44 ± 0.035), 2,4-DCP dissociates into the phenolate anion, hence the
repulsive forces for rejection [41].

20.3.9 Evaluation of Antifouling Properties

Figure 20.9a presents the results of alternating flux cycles of pure water and 2,4-DCP
against time. The results indicate that the Ag–TiO2/PA-TFC membrane reached a
relatively high pure water flux (Jwo) of 9.77 Lm−2h−1 which was higher than that of
the neat PA-TFC membrane at 6.60 Lm−2h−1. When pure water was replaced with
2,4-DCP, the flux (Jwt) was reduced for both membranes. Flux reduction in the PA-
TFCmembranewasmore than in theAg–TiO2/PA-TFCmembrane.Reduction in flux
was attributed to adsorption of the molecules on the surface or within the membrane
pore walls [42]. After the third filtration test of pure water obtained after cleaning the
membranes to remove adsorbed 2,4-DCP molecules, the flux for Ag–TiO2/PA-TFC
membrane almost retained their initial flux (Jwo). The new pure water fluxes after
cleaning (Jwc) was 9.43 Lm−2h−1 for the Ag–TiO2/PA-TFC membrane, which was
higher than that of the neat PA-TFC membrane, 5.92 Lm−2h−1. This is an indication
that theAg–TiO2/PA-TFCmembrane showed improved antifouling properties owing
to enhanced surface hydrophilicity [38].
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Flux recoveries (FRR) between 1st and 3rd cycles for the prepared membrane is
presented in Fig. 20.9b. The results show that FRR (%) was improved from 64.7%
(PA-TFC) to 94.4% (Ag–TiO2/PA-TFC). This means that 2,4-DCP was loosely
attached to the Ag–TiO2/PA-TFC membrane due to improved hydrophilicity when
compared to the neat PA-TFC membrane [43]. When surface hydrophilicity is high
the membrane is capable of forming stable hydration layer through hydrogen bond-
ing with water molecules to keep away the organic foulants from being adsorbed on
the membrane surface [44].

It could further be deduced that modification of the PA-TFC with Ag–TiO2

reduced total fouling of the membranes by 27%when compared with PA-TFCmem-
brane. This indicated that the surfaces of the modified Ag–TiO2/PA-TFC membrane
were less prone to fouling [44]. The results further indicate that irreversible fouling
was the major cause of fouling in the neat PA-TFC membrane due to adsorption of
2,4-DCP within the pores of the membrane and which was not easily removed by
backwashing [21].

20.4 Conclusion

The PA-TFC membranes were prepared using interfacial polymerization. The
polyamide C=O peak was observed at 1660 cm−1 from ATR-FTIR spectrum. The
Ag–TiO2 NCs were successfully blended into the PA membrane and resulted in
enhanced hydrophilicity with contact angles reducing from 60.8° to 33.3°. As a
result of the hydrophilic enhancement, the as-prepared membranes exhibited good
rejection of 2,4-DCP. The Ag–TiO2/PA-TFC membranes also exhibited enhanced
flux recoveries which was an indication of good antifouling properties.
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Chapter 21
Antibacterial, Antioxidant and Raw
264.7 Cell Line Proliferative Effect
of 5-[(4-Nitro-Benzylidene)-Amino]-2H-
Pyrazol-3-ol

Bamidele J. Okoli, Unisa Terblanche, Cornelius Cano Ssemakalu,
Fanyana M. Mtunzi, Michael Pillay and Johannes Sekomeng Modise

Abstract Pyrazole derivatives are considered important scaffold that possesses
cocktails of pharmacological activities. However, no study has assessed their effects
on the proliferation of macrophages. In this study, 4-nitrophenyl derivative contain-
ing the 1H-pyrazol-3-ol moiety HL1 was synthesised, characterised and assessed
for antibacterial as well as cell proliferative effects. HL1 was characterised using
an elemental analyser, TGA, XRD, and various spectrophotometric methods. The
antibacterial effect of HL1 on three Gram-positive bacterial strains: Enterococ-
cus faecalis, Staphylococcus aureus and Staphylococcus epidermidis and three
Gram-negative bacterial strains: Klebsiella pneumoniae, Escherichia coli, and Pseu-
domonas aeruginosawere determined using theminimal inhibition assays. TheRAW
264.7 macrophage cell line was used to assess the effect of HL1 on mitochondrial
activity using the CellTiter® Blue Cell Viability Assay. The thermogram and diffrac-
togram plots registered thermal stability slightly above the melting point of HL1 and
a crystal size of 13.01 nm, respectively. The characterisation studies indicated the
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presence of azomethine moiety at 1701.65 cm−1, δH 9.13 and δC 156.85 ppm in
the FT-IR, 1H, and 13C NMR spectra, respectively. The synthesised pyrazole moiety
exhibited significant antioxidant activity (IC50 ≤ 0.41± 0.02μM) compared to gallic
and ascorbic acid (IC50 ≤ 0.58± 0.01 μM) and preserved pharmacological integrity
at high temperature but was found not to have any antibacterial effects. The effect of
HL1 on the Raw 264.7 cell line intimated a significant increase in the mitochondrial
function of the macrophage cells (12.5 μg/ml [127 ± 3%; P < 0.0007] vs. control)
indicating an increase in cell proliferation.

Keywords Azomethine · Pyrazol-3-ol · Antioxidant · Macrophage ·
Proliferation · Radical

21.1 Introduction

The azole, specifically the five-membered 2H-pyrazol-3-ol scaffold, has attracted
attention due to the pharmacological potency acquired when coupled to an aromatic
aldehyde unit [1]. The presence of the pyrazole nucleus can be traced in many phar-
maceutically established drugs with diverse therapeutic activities [2, 3]. Over the
past two decades, pyrazole-Schiff base derivatives have found diverse applications
due to their potent antioxidant, antimicrobial, anti mycobacterial, anti-inflammatory,
non-enzymatic protein glycation inhibition, gastric secretion stimulation, and antide-
pressant properties [4–6]. Many Schiff bases derived from pyrazole have been syn-
thesized by condensation of 1H-pyrazol-3-amine derivatives and different aromatic
aldehydes or ketones leading to polysubstituted pyrazoles as reported by Baluja and
Chanda [7].

The continuous search for novel biologically active pyrazole derivatives coupled
with the development of drug resistance of microbial strains has made it necessary
to investigate the influence of these compounds on biological systems. Despite the
research done to develop pharmaceutically potent pyrazole derivatives, no study has
targeted the effect of pyrazole on the macrophages, an essential component of the
mammalian immune system. Macrophages are widely distributed throughout the
different tissues where they play a role in the phagocytosis of virally infected and
cancerous cells as well as extrinsic threats such as pathogen invasion or breach in
tissue [8].

In this study, we investigated the antimicrobial, antioxidant and RAW 264.7
macrophage proliferative effects of 4-nitrophenyl derivative containing the 2H-
pyrazol-3-ol moiety.
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21.2 Experimental Details

21.2.1 Chemicals

All chemicals and reagents used in this study were of analytical grade. 3-Amino-
5-hydroxypyrazole, 4-nitrobenzaldehyde, 2,2-diphenyl-1-picrylhydrazyl (DPPH),
quercetin, gallic acid, ascorbic acid, penicillin G, streptomycin, dimethyl sulfoxide
(DMSO), hydrogen peroxide, 2,2′-azino-bis-3-ethylbenzthiazoline-6-sulphonic acid
(ABTS) andpotassiumpersulfatewere obtained fromSigmaAldrich (St. Louis,MO).
Potassium ferricyanide, trichloroacetic acid and ferric chloride were purchased from
Merck (Darmstadt, Germany). Dulbecco’s Modified Eagle Medium (DMEM), and
Fetal Bovine Serum (FBS) were obtained from Thermo Fischer Scientific (Waltham,
MA). Others like phosphate buffer, ethanol and glacial acetic acid were purchased
from Promark and Rochelle Chemicals (Johannesburg, South Africa), respectively.

21.2.2 Instrumentation

The percentage elemental composition of the 5-[(4-nitro-benzylidene)-amino]-2H-
pyrazol-3-ol was measured using a LECO analyser (CHNS628 analyser, Lakeview,
MI). The maximum absorption and the melting point were measured using a UV-
visible spectrophotometer (Agilent Technologies Cary 60, Santa Clara, CA) and
Stuart digital apparatus (Vernon Hills, IL), respectively. 1H- and 13C-NMR chemical
shifts (ppm) were recorded using a 400MHz nuclear magnetic resonance spectrome-
ter (Agilent Technologies). Thermal response wasmonitored on a thermogravimetric
analyser (Perkin Elmer, Waltham, MA) operated at a temperature ranging between
30 and 900 °C at a heating rate of 10 °C/min under a nitrogen atmosphere. The
X-ray diffractogram was recorded on a ZEISS Sigma 300 diffractometer (Zeiss,
Oberkochen, Germany). The Spectrum 400 FT-IR (PerkinElmer) scanning between
4000 and 400 cm−1 was used to determine the different functional groups.

21.2.3 Synthesis of HL1

An ethanolic solution of 3-amino-5-hydroxypyrazole (0.99 g; 9.98mmol) wasmixed
with 4-nitrobenzaldehyde (3.02 g; 19.98 mmol) in 95% ethanol. To the mixture,
0.5 mL of glacial acetic acid was introduced and refluxed for 8 h. The product (HL1)
obtained was filtered, washed several times with 95% ethanol, recrystallized from
cold ethanol solution and dried in an oven at 40 °C. The chemical formulation of the
structure of HL1 is shown in Fig. 21.1.



354 B. J. Okoli et al.

O

NO2

+
NH

N

OH

H2N N
HN

HO

N

NO2

1
2

3
4

5

6

7

8

9

1011

12

1314

15
95% EtOH, 8 h

351 K, glacial acetic acid

5-[(4-Nitro-benzylidene)-amino]-2H-pyrazol-3-ol (HL 1)4-nitrobenzaldehyde 3-amino-5-hydroxypyrazole

Fig. 21.1 Chemical synthesis of HL1

21.2.4 Electronic Absorption Study

The wavelength maximum of HL1 in DMSO was determined at room temperature
and themolar absorptivity coefficientwas calculated from theLambert-Beer equation
(21.1):

A = ελmaxbC (21.1)

whereA is the absorbance, b is the path length, C is the concentration of HL1 (mol/L),
and ελmax is the molar absorption coefficient (Lmol−1cm−1).

21.2.5 XRD Study

The X-ray diffractogram was investigated at 40 kV and 40 mA with Cu-Kα (λ =
1.5406Å) radiation and the crystallite size (D)was calculated usingScherrer equation
(21.2).

D = Kλ/β cos θ (21.2)

where K is the equipment constant (0.94), λ is the wavelength (1.5406 Å), and β is
the integral height to width of the diffraction peak.

21.2.6 Antioxidant Assays

The antioxidant activity of HL1 was evaluated and compared with three positive
controls: quercetin, gallic acid and ascorbic acid.
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21.2.7 DPPH Radical Scavenging Activity

The DPPH (300 μL, 0.05 mM) radical ethanolic solution was mixed with various
concentrations (4.31, 2.15, 1.08, 0.54, and 0.27μM) of HL1 and incubated for 30min
in the dark. Changes in the absorbance of the mixtures were measured at 517 nm on a
UV-Vis spectrophotometer [9]. The percentage radical scavenging activities (%RSA)
was calculated from Eq. (21.3) and the half maximal inhibitory concentration (IC50

μM)of the test compoundswas determined by linear regression analysis.All analyses
were carried out in triplicate.

%RSA = 100
(Abs. of DPPH control − Abs. of HL1)

(Abs. of DPPH control)
(21.3)

21.2.8 ABTS Radical Cation Decolourisation Assay

The blue-green 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid radical
cation (ABTS·+) solution was prepared by dissolving 960.2 mg of ABTS in a 250mL
solution of 0.0024 mM potassium persulfate and stored away for 24 h. Thereafter,
the absorbance was adjusted to 0.9547 at 734 nm with distilled water. Exactly 40 μL
of various concentrations (4.31, 2.15, 1.08, 0.54, and 0.27 μM) of HL1 or control
was added to 3 mL of the ABTS·+ solution and incubated for 30 min at 25 °C in
the dark and the changes in the concentration of ABTS·+ were measured at 734 nm.
The decolourisation of the blue-green solution was used as a template to evaluate
the percentage proton-donating potential (%PDP) of the test compounds [10] and
was estimated from Eq. (21.4). The IC50 (μM) of the compounds was determined
by linear regression analysis. All analyses were carried out in triplicate.

%PDP = 100
(Abs. of ABTS control − Abs. of HL1)

(Abs. of ABTS control)
(21.4)

21.2.9 H2O2—Scavenging Activity

The H2O2-scavenging activity of the test compound was evaluated according to the
method of Ruch et al. [11] with slight modifications. To 100 μL aliquot of the test
compounds, 0.4 mL of 50 mM phosphate buffer was added followed by 0.6 mL of
2 mMH2O2 solution prepared in 50 mM phosphate buffer (pH 6.8). The absorbance
of the mixture was measured at 230 nm and the %H2O2-scavenging activity was
computed from Eq. (21.5). The IC50 (μM) of HL1or controls was determined by
linear regression analysis. All analyses were carried out in triplicate.
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% H2O2 scavenging activity = 100
(Abs. of H2O2 − Abs. of HL1)

(Abs. of H2O2)
(21.5)

21.2.10 Ferric Reducing Power

The ferric reducing activity was determined according to the method of Oyaizu [12].
In brief, a 0.5 mL aliquot of HL1 was mixed with 2 mL phosphate buffer (0.2 M,
pH 6.8) and 2 mL potassium ferricyanide (0.03 μM). The mixture was incubated for
30 min at 45 °C, followed by the addition of 2 mL of 0.61 mM trichloroacetic acid. A
2 mL portion of the above mixtures was transferred into 2 mL of distilled water and
0.4 mL ferric chloride (0.1% w/v) in a test tube. Then, the absorbance was measured
at 700 nm after 10 min and the reducing power was estimated as a function of the
absorbance. The same protocol was applied to the controls and all the determinations
were carried out in triplicate.

21.2.11 Cell Culture

A murine macrophage cell line RAW 264.7 (Cellonex, Johannesburg, South Africa)
was cultured and maintained in complete cell culture medium consisting of DMEM
supplemented with 10% Fetal Bovine Serum (FBS) and antibiotics (10,000 U/mL
penicillin G and 10 mg/mL streptomycin) at 37 °C in a 5% CO2 incubator (ESCO,
Horsham, PA). The culturemediumwas replacedwith freshmedium every three days
until the cells were 80% confluent. The cells were washed, trypsinised and prepared
for the cell proliferation assay.

21.2.12 Cell Proliferation Assay

The effect of HL1 on the viability of the RAW 264.7 cell line was evaluated using
the CellTiter® Blue Cell Viability Assay (Promega, Cat. No. G8081, Madison, WI)
according to the manufacturer’s instructions with a few modifications. The RAW
264.7 cells were seeded in a 96-well microtiter plate (100 μL per well) at a concen-
tration of 5× 104 cells/mL in a complete cell culture medium and incubated at 37 °C
in a 5% humidified CO2 incubator. After 24 h of incubation, the cell culture medium
was replaced with fresh complete cell culture medium containing different concen-
trations of the HL1 (6.25, 12.5, 25, 50 and 100 μg/mL). Four control groups were set
up consisting of (i) cell culture medium only (negative control to determine back-
ground absorbance), (ii) untreated cells (vehicle control), (iii) medium with 0.1%
DMSO (used as solvent for compound), and (iv) cells treated with hydrogen perox-
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ide (H2O2) used as the negative control. After treatment, the cells were incubated for
different time intervals (24, 96 and 168 h) at 37 °C in a humidified 5%CO2 incubator.
At the end of each incubation period, 20 μL of CellTiter® Blue Reagent was added
to each well containing the remaining culture medium. The plate was then agitated
for 10 s and incubated at 37 °C for 4 h in a humidified 5% CO2 incubator. Thereafter,
100 μL medium containing CellTiter® Blue reagent was transferred into a 96-well
microtiter plate, and the absorbance of the dissolved resorufin dye was determined
at 570 and 600 nm, respectively, using an EPOCH 2 (BioTek, Winooski, VT) plate
reader.

21.2.13 Antibacterial Property

Themicroorganisms used in the present investigation included reference strains from
the American Type Culture Collection (ATCC) and National Collection of Type Cul-
tures (NCTC). These included three Gram-positive bacterial strains: Enterococcus
faecalis [ATCC 49533], Staphylococcus aureus [obtained from a local hospital in
Vanderbijlpark, South Africa] and Staphylococcus epidermidis [ATCC 12228], and
three Gram-negative bacterial strains: Klebsiella pneumoniae [ATCC BAA-1706],
Escherichia coli [NCTC 11954] and Pseudomonas aeruginosa [ATCC 25619]. All
the bacterial strains were individually inoculated in Mueller-Hinton Broth and incu-
bated for 24 h before use in the broth microdilution method.

The antibacterial activity of the synthesized compound (HL1) was evaluated
against the selected bacterial strains using the broth microdilution method as
described by De Rapper et al. [13] and Akhalwaya et al. [14] with slight modi-
fications. A 1000 mg/mL stock solution of HL1, dissolved in dimethyl sulfoxide
(DMSO), was diluted to a working concentration of 300 mg/mL Microtiter 96-well
plates (Nunc Roskilde, Denmark) were prepared by adding 100 μL sterilized deion-
ized water aseptically to each well. Thereafter, 100 μL of the test compound (HL1)
was added to the first row of each microtiter plate. Two-fold serial dilutions were
carried out down each column to obtain concentrations from 150 to 1.17 mg/mL
at a total volume of 100 μL per well. Standardized bacterial cultures (100 μL)
at a concentration of 1 × 106 colony forming units (CFU)/mL were then added
to each well of their respective microtiter plates. To detect bacterial growth, 30 μL
resazurin indicator dye (0.015%)was added to eachwell before incubation.Resazurin
is an oxidation-reduction indicator that undergoes colorimetric changes (from blue
to pink or colorless) in response to reduction by mitochondrial reductases and other
diaphorases such as dihydrolipoamine dehydrogenase, NAD(P)H, quinone oxidore-
ductase and flavin reductase [15]. The inoculated microtiter plates were sealed using
a sterile adhesive film and incubated at 37 °C for 24 h. Amoxycillin (2.5 mg/mL)
(Melford, Chelsworth, United Kingdom) and neomycin (2.5 mg/mL) were included
as positive controls. Dimethyl sulfoxidewas included as a negative control to confirm
that the solvent did not exert any antibacterial effect and a culture control ensured
that the broth could support bacterial growth. According to the Clinical Laboratory
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Standards Institute guidelines [16] for broth microdilution, the minimum inhibitory
concentration (MIC) is defined as the lowest concentration that completely inhibits
the microorganism from multiplying and producing visible growth in the test solu-
tion. After inspection of the microtiter plates, 10 μl of the MIC well content was
plated on nutrient agar plates and incubated for another hour at 37 °C to confirm the
antibacterial property of the synthesized compound. All experiments were done in
triplicate.

21.2.14 Statistical Analysis

Statistical analysiswas carried outwithOrigin Pro software (Origin LabCorporation,
Northampton, MA 01060 USA), and results are expressed as means ± standard
deviation.

21.3 Results

21.3.1 Synthesis and Characterization of HL1

The product (HL1) was collected as a regatta powder. Yield 61.8%;m.p. 283–285 °C;
λmax 316 and 393 nm, and ε 1.3419 × 105 Lmol−1cm−1; IR (cm−1) 3352 (w), 3108
(w), 2859 (w), 1702 (m), 1624 (m), 1515, 1344 (s), 1199, 1107, 1014 (m), 856, 814
(m) and 697 (m).1H NMR (400 MHz, DMSO-d6) δ 9.11 (s, 1H), 8.34–8.31 (m, 2H),
8.19–8.16 (m, 2H), 6.35 (s, 1H), 4.01 (s, 1H), 2.53 (s, 1H) (Fig. 21.2).

13C NMR (100 MHz, DMSO-d6) δ 160.47, 157.64, 152.56, 148.99, 138.89,
129.57, 129.43, 124.50, 124.40, 87.21 (Fig. 21.3). Anal calculated for C10H8N4O3:
%C, 51.73; %H, 3.47; %N, 24.13. Found: %C 51.17, %H 3.97, %N 24.76.

21.3.2 Thermal Profile of HL1

The thermogravimetric plot of HL1 is presented in Fig. 21.4. Four major exothermic
peaks corresponding to various thermal responses were observed at 80, 200, 287 and
430 °C with a weight loss of 3, 9, 20 and 48%, respectively.

21.3.3 X-Ray Diffractogram of HL1

The X-ray diffractogram of HL1 presented in Fig. 21.5 produced a unique diffraction
pattern confirming the crystalline nature of HL1. The diffractogram registered seven
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Fig. 21.2 1H NMR spectrum of HL1

(7) reflection peaks in the range of 0°–70° with a maximum at 34.24° and the crystal
size determined using Scherrer formula was 13.01 nm.

21.3.4 Antioxidant Activity of HL1

The antioxidant activities of HL1 and controls were evaluated by DPPH, ABTS,
H2O2 scavenging and ferric reducing power in vitro assays. The IC50 values for the
different assays were obtained from the plots of the % radical inhibition against
concentration with R2 ≥ 0.9635 (Table 21.1).

The IC50 values of HL1 were significant (p < 0.05) compared to the
controls. HL1 showed very potent radical scavenging potential with IC50 of
0.29 ± 0.09 – 0.41 ± 0.02 μM (Table 21.1) and ferric reducing power of
0.0045 ± 0.007 (Fig. 21.6) compared to gallic acid and ascorbic acid, with quercetin
being slightly more potent.



360 B. J. Okoli et al.

Fig. 21.3 13C NMR spectrum of HL1
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Table 21.1 Scavenging activity of HL1

Compounds DPPH assay ABTS assay H2O2-scavenging
activity

IC50 (μM) R2 IC50 (μM) R2 IC50 (μM) R2

HL1 0.29 ± 0.09* 0.9943 0.41 ± 0.02* 0.9953 0.35 ± 0.26* 0.9635

Quercetin 0.24 ± 0.03 0.9891 0.27 ± 0.01 0.9849 0.27 ± 0.11 0.9857

Gallic acid 0.42 ± 0.09 0.9917 0.58 ± 0.01 0.9959 0.46 ± 0.22 0.9728

Ascorbic acid 0.35 ± 0.07 0.9965 0.53 ± 0.02 0.9947 0.44 ± 0.03 0.9740

The values are expressed as means ± SD (n = 3). *Significant parameters; p value < 0.05
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Fig. 21.6 Total reducing power of HL1 and controls (0.2 mg/mL) measured at 700 nm. The values
are expressed as means ± SD (n = 3). *Significant parameters; p value < 0.05
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21.3.5 Effect of HL1 on Cell Viability

When theRaw264.7 cellswere stimulated for a daywithHL1 at concentrations of 6.5,
12.5, 25 and 50μg/mL, an increase in cell viability was observed (Fig. 21.7). HL1 at a
concentration of 12.5 μg/mL resulted in a highly significant (p < 0.0007) increase in
cell viability (127± 3%) compared to the untreated cells (100± 3%).WhenHL1 was
used at 100 μg/mL, a significant (p < 0.009) reduction in cell viability (83 ± 1%) in
comparison to the untreated cellswas observed after day1.When theRAW264.7 cells
were stimulated with HL1 at 6.5, 12.5, 25 and 50 μg/mL for 4 days, a slight but non-
significant increase in cell viability was observed. However, 4 days of stimulation of
the RAW 264.7 cells with HL1 at a concentration of 100 μg/mL resulted in a further
significant (p < 0.001) decrease in cell viability (47.0 ± 4.7%) compared to the
untreated cells (100.0±1.8%).After 7 days of stimulationwithHL1 at concentrations
of 12.5, 25 and 50μg/mL, percentage cell viability remained slightly higher than that
observed in the untreated cells. However, the percentage viability (107.0± 0.96%) in
cells stimulated with HL1 at a concentration of 12.5μg/mL was highly significant (p
< 0.00008) compared to that observed in the untreated cells (100.0± 3.04%). On the
contrary, 7 days of stimulation with HL1 at a concentration of 6.5 μg/mL resulted in
a highly significant (p < 0.0009) decrease in cell viability (76.0 ± 1.96%) compared
to that observed in the untreated cells (100.0 ± 3.04%). A highly significant (p
< 0.0004) decrease in the percentage cell viability (40.0 ± 4.56%) was observed
when HL1 was used at a concentration of 100 μg/mL in comparison to the untreated
cells.

Fig. 21.7 Percentage viability following the stimulation of RAW 264.7 cells with HL1 at 6.5,
12.5, 25, 50 and 100 μg/mL for 1, 4 and 7 days. The untreated cells were used as a negative control
whereas the H2O2 was used as a positive control. The error bars indicate the standard error of the
mean of quadruplicate experiments. *Indicates that the mean had a p < 0.05 in comparison to the
untreated cells. **Indicates that the mean had a p < 0.0001 in comparison to the untreated control
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Table 21.2 The in vitro antibacterial activity of HL1 using the broth microdilution method

Bacterial strains Minimum inhibitory concentration in mg/mL

HL1 DMSO Antibacterial agents

Amoxicillin Neomycin

Gram-positive

E. faecalis 9.38 – 0.31 1.25

S. aureus 4.69 – <0.005 <0.005

S. epidermidis 4.69 – <0.005 <0.005

Gram-negative

K. pneumoniae 9.38 – 0.31 <0.005

E. coli 9.38 – <0.005 <0.005

P. aeruginosa 9.38 – <0.005 <0.005

21.3.6 Antibacterial Activity

The results of the antibacterial activity of 5-[(4-nitro-benzylidene)-amino]-2H-
pyrazol-3-ol (HL1) against six bacterial strains using the broth microdilution method
are summarized in Table 21.2. Amoxicillin and neomycin (2.5 mg/mL) were used
as reference antibiotics for comparison purposes. The results showed predominantly
similar antibacterial activity against the selected bacterial strains (Table 21.2) but
were considerably less compared to the standards used.

21.4 Discussion

Two bands were observed in the electronic absorption spectrum of 5-[(4-nitro-
benzylidene)-amino]-2H-pyrazol-3-ol (0.02 μM) in DMSO. The two bands with
wavelengths of 316 and 393 nm are typical of �–�* transitions and the n–�* tran-
sitions of the aromatic rings and azomethine group, respectively [17]. The 1H and
13C NMR spectra of HL1 confirm the presence of azomethine group with proton and
carbon signals at δ 9.11 (H-8) and δ 157.64 (C-8) ppm [18] respectively, and further
confirmation was observed at 1702 cm−1 in the FT-IR spectrum. The deshielded
carbon signal at δ 160.47 (C-3) ppm confirms the presence of an oxymethine unit
of the pyrazol-5-ol moiety. Signals from the aromatic protons were observed at
8.34–8.16 ppm while the corresponding aromatic carbons peaked at δ 152.56 (C-5),
148.99 (C-12), 138.89 (C-9), 129.57 (C-14), 129.43 (C-10), 124.50 (C-11), 124.40
(C-13), 87.21 (C-4) ppm (Fig. 21.3). The sharp absorption bands in the fingerprint
region at 1575–1507 cm−1 are in concordance with the aromatic signals on the 1H
and 13CNMR spectra [19]. Other notable characteristic bands at 1624 and 1515 cm−1

are attributed to the bending and stretching vibrations of –N–H and –O–N, with the
corresponding proton signals at 2.53 (H-2) and 4.01 (H-6) ppm, respectively.
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The thermal profile of HL1 at the operating temperature of 30–900 °C and the
mechanism of thermal decomposition are presented in Figs. 21.4 and 21.8, respec-
tively. The TGA and DTA plots revealed four thermal events at 80, 100, 287 and
430 °C with a corresponding weight loss of 3, 9, 20 and 48%, respectively. The
mass loss of 3% at 80 °C and 9% at 100 °C is attributed to the removal of crystallis-
ing solvent (ethanol) and adsorbed moisture, respectively. The presence of adsorbed
moisture is an indication of the hygroscopic nature of HL1 [20]. After dehydration,
above the melting point (283 °C) the first thermal decomposition step took place at
287 °C, corresponding to the loss of nitrogen (IV) oxide which accounts for 20% of
the weight of HL1 to produce 3-((phenylmethylidene)amino)-1H-pyrazol-5-ol (III).
At a temperature >430 °C, the compound (III) carbonises corresponding to 48%
weight loss; this is equivalent to the percentage of carbon relative to the mass of HL1

introduced into the thermal analyser. The evaluation of the thermal profile proved that
5-[(4-nitro-benzylidene)-amino]-2H-pyrazol-3-ol is slightly stable above the melt-
ing point. Thereafter, the integrity of the compound becomes compromised leading
to the production of 3-((phenylmethylidene)amino)-1H-pyrazol-5-ol (III).

TheX-ray powder diffraction studywas conducted to study the specific chemistry,
atomic arrangement and crystallinity of HL1. The diffractogram of HL1 (Fig. 21.5)
recorded seven crystalline peaks confirming the crystallinity of HL1. The nanocrys-
talline size of 13.01 nm calculated from Scherrer equation (21.2) is an important
residual factor associated with the ordered arrangement of atoms in a crystalline
compound, which directly influences the compound properties [21]. According to
the study of Carballo andWolf [22], the rate of biological interaction of a compound
is significantly influenced by the crystallite size. Hence, the large crystallite size is
expected to have some degree of influence on the biological activity.

Derivatives of pyrazole have been known to exhibit significant in vitro antiox-
idant activity and in vivo COX-II inhibition [23]. Our investigation into the
antioxidant potential of HL1 showed similar scavenging potentials against 2,2-
diphenyl-1-picrylhydrazyl, 2,2′-azino-bis-3-ethylbenzothiazoline-6-sulphonic acid
and peroxide radicals (Table 21.1) compared to gallic acid, quercetin and ascor-
bic acid as observed in previous studies [24–26]. The total antioxidant potential of
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HL1 was effectively estimated by the reduction of Fe3+ to Fe2+as a function of HL1

to donate either an electron to the vacant d-orbital or proton which invariably is mea-
sured as the reduction capacity of the evaluated compound [27]. Consequently, in this
study the reducing power is in the order of quercetin > HL1 > gallic acid > ascorbic
acid (Fig. 21.6). There is a significant difference (p < 0.05) in the ferric reducing
power, with HL1 showing comparative activity to quercetin. The scavenging poten-
tials and total reducing power can be justified by the structural features of the ring
structures such as the hydroxyl, carboxylic acid or lactone groups [28]. The number
of –OH groups and the ability to delocalize electrons within the complex structure
to stabilise the phenoxy and carboxylate ions [29, 30], influenced the antioxidant
activity of quercetin relative to HL1.

Infectious diseases, resulting in approximately 50,000 deaths per day, remain one
of the leading health-related problems worldwide. The efficacy of many of the cur-
rently available antibacterial agents that kill or prevent the reproduction of microor-
ganisms, is rapidly declining due to the emergence of multidrug-resistant organisms
(MDRO). In addition, infections caused by multidrug-resistant bacteria are associ-
ated with prolonged treatment regimens resulting in an increased financial burden
on the healthcare sector [31]. The urgent need for the development of new classes
of antibacterial agents is evident. However, the synthesis of new antibacterial agents
is restricted by the search for new substances that are effective against microorgan-
isms but non-toxic to mammalian cells. The antibacterial properties of pyrazole and
many pyrazole derivatives have been investigated with variable degrees of antibac-
terial potential. In the current study, the newly synthesized lactam-type Schiff base
pyrazole derivative was tested for its antibacterial activity against E. faecalis, S.
aureus, S. epidermidis, K. pneumoniae, E. coli and P. aeruginosa with amoxicillin
and neomycin as reference antibacterial agents. The investigation revealed that HL1

was active against all the tested bacterial strains and that the solvent, DMSO, had
no inhibitory effect on any of the tested bacterial strains (Table 21.2). Based on the
results, a similar MIC value (9.38 mg/mL) was recorded for K. pneumoniae, E. coli,
P. aeruginosa and E. faecalis, with a slightly lower MIC value (4.69 mg/mL) for
S. epidermidis and S. aureus. Studies have indicated that Gram-negative bacteria
are more resistant to antimicrobial agents as compared to Gram-positive bacteria
due to the presence of a largely impermeable cell wall [32]. Upon comparing the
antibacterial potential of the newly synthesized Schiff base with that of the reference
compounds (amoxicillin and neomycin), it was concluded that HL1 displayed poor
antibacterial activity against all tested bacterial strains.

The cell viability results showed that HL1 at low concentrations, particularly
at 12.5 μg/mL, significantly increased the number of viable macrophage cells
(Fig. 21.7). The increase in cell viability is perhaps due to an increase in mito-
chondrial activity which could have resulted from the proliferation or self-renewal
of the macrophages. The link between an increase in mitochondrial activity and cell
proliferation has been established in various studies [33, 34]. Clearly, the results
showed that HL1 could act as a macrophage growth factor although the exact mode
of action remains unknown. It is possible the HL1 could have promoted the prolif-
eration of macrophages through the upregulation of the colony stimulating factor
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receptors. The proliferation or self-renewal of macrophages in vivo has been doc-
umented and is shown to result from the presence of growth factors and cytokines
such as macrophage colony stimulating factor (M-CSF), granulocyte macrophage
stimulating factor GM-CSF [34], IL-4 [8, 35] or IL-34 [36]. Similar reasons could
be postulated for the proliferation ofmacrophages in this study. Furthermore, the pro-
liferation of macrophages has been linked to the increased expression of the colony
stimulating factor 1 receptor (CSF-1R) [34]. Although a time-based decrease in the
proliferative capability of HL1 was observed, proliferation still remained above that
observed in the untreated macrophages. The ability for HL1 to induce a sustained
increase in macrophage proliferation could either result in a positive or negative
outcome. The proliferation of resident macrophages is desirable for pathogen con-
trol or wound repair especially in a situation where an inflammatory response could
have resulted in the depletion of the resident macrophages [35]. On the contrary,
macrophage proliferation has also been associated with inflammatory pathology
such as in obesity-associated tissue inflammation [37] and type II diabetes [38].
However, the negative or positive outcome largely would depend on whether the res-
ident macrophages are either classically (M1) or alternatively (M2) activated. The
M1 macrophages are associated with the production of pro-inflammatory cytokine,
phagocytosis and play a key role in the initiation of an immune response whereas
the M2 macrophages induce proliferation and are associated with wound healing
and tissue repair [39]. The potential applications that might involve HL1 should take
into cognizance the ability of this compound to induce and maintain macrophage
proliferation.

21.5 Conclusion

Our study underlines the fact that the pyrazole derivative (HL1) is stable beyond
the melting point with potent antioxidant potentials but poor antibacterial activity.
Future work will focus on profiling the cytokines and chemokines produced by the
macrophages in response to HL1. Furthermore, gene and protein expression studies
will be done to establish the influence that HL1 may have on the expression of CSF-
1R. This will provide some information on the mechanism through which HL1 was
able to induce and sustain macrophage proliferation. This approach could provide a
basis for the practical applications of HL1.
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Chapter 22
Thermal Modelling of Pulsed Laser
Ablation of Silicon Nitride Ceramics

Ntombikazi Jojo, Cebolenkosi Philani Ntuli, Lerato Cresilda Tshabalala
and Sisa Pityana

Abstract Pulsed laser systems have become a growing field in the past few years,
especially in the treatment of the hard to machine engineering materials through
conventional contactmethods.As the challengeof the selectionof efficientmachining
parameters is apparent, the modeled time dependent surface temperature and stress
field evolution profiles will aid in improving the experimental design process. Due
to the temperature gradient between the irradiated surface and the interior regions,
excessive thermal residual stresses are induced in and around the heat affected zone.
Depending on the laser intensity, the thermal stresses induced may lead to formation
of micro-cracks and their propagation which can reduce the component fatigue life
during its application. The current study aimed at understanding the evolution and
distribution of thermal stresses on the material and to also evaluate the effect of
laser energy intensity on the temperature and the induced thermal stresses. As a
result of high temperatures involved, and a short interaction time associated with
practical experiments, a computational approach in COMSOL Multiphysics was
used. In the present research, the thermal modeling of High Frequency Nd:YAG in
the machining of sintered silicon nitride ceramics was conducted. From the results,
the model indicated that heating the target materials surface raises the temperature
gradient which induced compressive thermal stresses. Two cycles were observed,
the heating cycle where the laser was ON (0–250 ns) and cooling cycle during laser
OFF time (after 250 ns).
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22.1 Introduction

Outstanding mechanical and physical properties like high hardness, chemical stabil-
ity and high thermal resistance have encouraged the use of silicon nitride (Si3N4) in
several engineering applications such as crucibles, machine tools, optical and elec-
tronic devices [1, 2]. However, the low precision obtained duringmachining of Si3N4

has been an industrial challenge due to the hard and brittle nature of the material.
Traditionally, grinding and polishing are employed for mechanical machining, yet
they have been found to be accompanied by undesired surface damages like low
reproducibility of surface roughness and micro-cracks [3]. The propagation of these
surface cracks affects the material by lowering properties such as the toughness—
which reduces the operational efficiency of the component.

To overcome these drawbacks, pulsed laser ablation (PLA) also known as pulsed
laser machining (PLM) has been identified as a potential technique, as it has been an
area of interest for several researchers in the past years [4–6]. It has been proven as
a non-contact process with a capacity to machine even hard materials such as silicon
nitride, alumina (Al2O3) and silicon carbide (SiC) ceramics with high accuracy and
fast processing rates [7]. Pulsed laser ablation is a rapid heating and cooling pro-
cess which is accomplished when the surface absorbs laser (photon) energy which
is then converted into thermal energy. The magnitude of the laser energy absorbed
depends on the initial absorptivity of the material and the temperature at the sur-
face of the ceramic changes as the result of this absorbed energy [8]. PLA involves
material removal by allowing the material to undergo heat conduction, melting and
evaporation, melt expulsion and cooling as illustrated in Fig. 22.1, depending on the
laser intensity which as the result determines the surface temperature of the ceramic
[9]. The intense and localised heating of laser beam provides an extremely efficient
method to increase the surface temperature of the work piece without affecting the
bulkmaterial, making themachining process convenient [10]. The quality of the abla-
tion process depends on the processing parameters (pulse energy, laser frequency,

Fig. 22.1 Different phenomena in the surface of the material during PLA
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pulse duration and peak power of the laser) and on the thermo-physical properties
of the material such as density, latent heat of vaporization, and boiling point [7, 10].

However, due to the temperature gradient caused by the simultaneous heat con-
duction (by energy from the laser pulse), self-quenching (by the bulk material) and
convection (by the environment) on the surface of the ceramic, excessive thermal
stresses are induced in and around the heat affected zone. When the induced thermal
stresses are above the silicon nitride’s fractural strength (830 MPa), these stresses
may promote micro-cracks formation and their propagation which reduces the com-
ponent fatigue life during service [11]. Alongside other parameters such as pulse
duration and laser beam diameter, laser pulse energy has a significant influence on
the amount of heat transferred to raise the temperature of the material [6], which in
return affects the induced thermal stresses.

There have been considerable efforts made by scholars on quantifying the thermal
stresses induced on ceramics. The investigated approaches have been both experi-
mental and computational work. In the early years, Ortiz and Molinari [12], con-
ducted a review of microstructural thermal stresses in ceramic to study evolution of
stresses in ceramics (PbTiO3) which produced micro cracks in the grain boundaries
of the ceramics. It was discovered that spontaneous micro cracking had significant
influence on the mechanical, optical and thermal properties of the material. Most
researchers such as Ortiz and Molinari [12] and Anderoglue [13], have used X-ray
diffraction to measure the residual stress. It was discovered that when the residual
stresses exist within the material, the inter-planar spacing becomes different than
that of an unstressed state. This difference is proportional to the magnitude of the
residual stress.

There are other alternative methods such as macroscopic residual stresses mea-
surement which was investigated by Pfeiffer and Rombach [14], Prevey [15] includ-
ing recent methods such as micro-Raman spectroscopy. Baratish et al. [16] also con-
ducted a study on the evolution of thermal residual stresses in laser drilled alumina
ceramics using Raman spectroscopy method. It was discovered that laser drilling of
alumina induced thermal residual stresses which were initially tensile at the edge
of the hole and transformed to compressive as the distance from the hole enlarged.
Baratish et al. [16] also developed a two-dimensional surface fluxmodel using COM-
SOLMultiphysics to quantify the induced thermal stresses in order to compare with
those measured by Raman spectroscopy.

Hence, the current study aimed at understanding the evolution and distribution
of thermal stresses on the material and also to evaluate the effect of laser pulse
energy on the resulting surface temperature and the thermal stresses. Additionally,
the changes in the material surface morphology and chemistry associated with laser
interaction phenomena will be evaluated. In this work, an Nd:YAG pulsed laser is
used to study the physical interactions between pulsed laser beam and silicon nitride
ceramic material. Due to high temperatures involved, and a short interaction time
associatedwith practical experiments, a computational approach in COMSOLMulti-
physics version 4.3 was employed. A two-dimensional time dependent laser ablation
of silicon nitride will be demonstrated.
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22.2 Methodology

22.2.1 Sample Preparation and Laser Ablation

A sintered silicon nitride ceramic (14% α-Si3N4, 76% β-Si3N4, 3%Al2O3, 2%Y2O3

and 5% SiC) was supplied by CeramTech, Germany. Pulsed laser ablation was per-
formed using a 1064 nm, nanosecond (250 ns) neodymium-doped yttrium aluminium
garnet (Nd:YAG) laser system (Quanta ray, spectral, 10 kHz frequency,manufactured
byLaser tech, USA). The specimenwas cross sectioned and the simulationwas based
on section AA, studying the effect of a single pulse illustrated in Fig. 22.2a, b. A two
dimensional, time dependent model which represents a silicon nitride rectangular
geometry of dimensions 1200 × 200 μm2 was created, as shown in Fig. 22.2c. The

Fig. 22.2 Silicon nitride ceramic a in three dimensions b cross sectioned surface c single pulsed
laser micro-machining two dimensional model geometry, and d waveform demonstrating the ON
time of the laser
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Table 22.1 Materials and process parameters for laser ablation of silicon nitride

Name Expression Units Description Ref

Ep 0.1, 0.15, 0.2 mJ Pulse energy [–]

Pw 250 Ns Pulse time [–]

Db 40 μm Laser beam diameter [–]

λ 1064 μm Wavelength [–]

f0 10 kHz Pulse frequency [–]

Rc 0.14 [–] Reflectivity [17]

Kio 0.416 [–] Extinction coefficient [–]

Ac 1.47 1/m Absorptivity [–]

Em 0.7 [–] Emissivity [17]

ρ 3.440 g/cm3 Density [18]

K 28 W/m K Thermal conductivity [18]

Cp 800 J/(kg K) Specific heat [19]

A 4.4E−6 1/K Thermal expansion coefficient [19]

E 3.10E + 11 Pa Elastic modulus [19]

V 0.24 [–] Poisson’s ratio [19]

Table 22.2 Summary of boundary conditions in the target material during PLA model

Physics Physical condition Boundary no. Boundary condition Variable

Heat transfer Laser beam pulse 3 Heat flux Q (W/m2)

Natural convective
cooling

1, 3, 4 Convective cooling h W/m2K

Radiation 3 Surface-to-ambient
radiation

[–]

Thermal insulation 2 Insulation [–]

Thermal stresses Prescribed
displacement

1, 2, 3, 4 Linear elastic
material

[–]

model involved Gaussian beam laser profile with laser ablation parameters defined
as displayed in Tables 22.1 and 22.2 summarising the boundary conditions.

22.2.2 Thermal Stress Modelling

Thermal stresses were modelled in COMSOLMultiphysics version 4.3 (a), employ-
ing heat transfer and thermal stress physics. The model was based on the following
assumptions:
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• Initial roughness of the target surface has not been considered when modelling the
surface ablation.

• The intensity of the beam used is of a Gaussian spatial distribution.
• Heat is supplied only by a single pulse.
• Pulse incidents on the centre of the target material in boundary 3 as illustrated in
Fig. 22.2c.

• Boundary 2 is assumed to be insulated.
• The heat transfer in PLA can be solved using a 2D heat conduction.
• Heat flux acts as a thermal load for the induced thermal stress.
• Heat transfer modes are conduction, radiation and convection.
• Solid mechanics mode is linear elastic material for all boundaries.
• Thermal stresses are solved using Hooke’s law.

The heat transfer governing equations and the heat flux are represented in
Table 22.3, where the pulse ON time was represented by inserting a waveform

Pulse
(
t +

(
1
f

))
represented in Fig. 22.2d.

The geometry was then meshed to extra fine element size. The flowchart of the
model is indicated in Fig. 22.3. The laser treated surfaces were also taken for SEM
analysis with compositions detected by EDX (Table 22.4).

Table 22.3 Model equations

Boundary condition Equation Equation number

Heat transfer ρCp
∂T
∂t + ρCpu∇T = ∇ · (k∇T ) + Q

T = Tamb = 298 K
22.1

Heat flux (Q) Q(x, t) =
Io × Ac × Gaussian space × Pulse

(
t +

(
1
f

)) 22.2

Gaussian space = exp
[(

−0.5
( x−x0

r

)2)]
22.3

Pulse
(
t +

(
1
f

))
= 1, 0 < t < Pw; Pw < t <

Pw +
(

1
f

)

(
1
f

)
represents the time step

22.4

Radiation −n · (−k∇T ) = εσ(T 4amb − T 2)

ε = 0.7
σ = Stefan-Boltzmann constant (5.67 × 10−8

W/m2K4)

22.5

Convection −n · (−k∇T ) = h · (Tamb − T )

h = 10W/(m2 · K )

22.6

Thermal stresses σther = s 22.7

s − so = C(∈ −εo − εinel ) 22.8

∈nel= α(T − Tamb) 22.9

σther = Eα
1−v�T 22.10
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Fig. 22.3 Flowchart of the computational model
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Table 22.4 List of chemical equations during laser ablation of silicon nitride

Physical process Chemical equation Equation number Refs.

Dissociation Si3N4(S) + 910 kJ/mol → 3Si(l) + 2N2(g) 22.11 [20]

Dissociation SiC(s) + 115.52 kJ/mol → Si(l) + C(s) 22.12 [21]

Solidification Si(l) ↔ Si(s) + 50.22 kJ/mol 22.13 [4]

Dissociation Al2O3(s) + 163.00 kJ/mol → 2Al(l) + 3
2O2(g) 22.14 [22]

Oxidation 2Si3N4(s) + 3O2(g) + 4076.88 kJ/mol →
6SiO(g) + 4N2(g)

22.15 [22]

Oxidation SiO(g) + 1
2O(g) → SiO2(g) + 1336.08 kJ/mol 22.16 [20]

Oxidation 2C(s) + O2(g) → 2CO(g) + 221.05 kJ/mol 22.17 [20]

Oxidation 2CO(g) + O2(g) + 565.97 kJ/mol → 2CO2(g) 22.18 [4]

22.3 Results and Discussion

One dimensional ablation of silicon nitride ceramics was simulated using COM-
SOL Multiphysics. Silicon nitride ceramic was heated with a single laser pulse of a
Gaussian spatial distribution. The laser energy was varied from 0.1, 0.15 to 0.2 mJ.

22.3.1 Thermal Stress Modelling

The surfaces of the target material are illustrated in Fig. 22.4, with (a) represent-
ing heated surface and (c) representing thermally stressed surface at respective laser
energy and pulse width (250 ns). The temperature (Fig. 22.4b) and thermal stress
profiles (Fig. 22.4d) as a function of specimen width (x) were then predicted. The
temperature distribution was predicted on the top surface (boundary 3). Due to Gaus-
sian distribution of the laser beam, the beam center had higher laser energies which
gradually decreased towards the edges of the ceramic. This led to higher surface tem-
perature in the central region compared to the edges as observed in Fig. 22.4b. As
a result, the material experienced higher temperature gradient, in so doing inducing
higher compressive thermal stresses in the center than at the edges of the mate-
rial (Fig. 22.4d). At the laser energy of 0.1 mJ, maximum temperature reached was
2800K in the beam center. This resulted intomaximumof 5.5GPa of thermal stresses
in the center, decreasing towards the beam edges according to thermal gradient dif-
ference. At increased laser energy of 0.15 and 0.2 mJ, the surface temperature also
increased as observed in Fig. 22.4b to maximum of 4000 and 5300 K respectively
in the beam center. This also influenced the resulting thermal stresses to 8.7 and
11.9 GPa respectively (Fig. 22.4d).

Figure 22.5a, b illustrate the temperature and thermal stress distribution with
respect to timeon thematerial. Initially, thematerialwas at room temperature (273K).
As soon as the 0.1 mJ pulse was incident on the surface of the material, the energy
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Fig. 22.4 a Heated surface output b surface peak temperatures along the width c thermal stressed
surface output, and d maximum induced thermal stresses along the width

Fig. 22.5 a Computational plot of time and peak temperatures b time and induced thermal stresses,
c and d SEM image at pulse energy 0.1 and 0.2 mJ
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was transferred to the material and converted into heat which was absorbed by the
material, raising the surface temperature of the material to maximum of 2800 K. This
took place between 0–250 ns when the laser was ON in the heating cycle (Fig. 22.5a).
When the laser is incident, the surface temperature increased with increasing irra-
diation time, reaching maximum temperature at laser ON-time and then decreased.
As soon as the laser was turned OFF, the cooling cycle began wherein the surface
temperature gradually dropped down approaching the room temperature. This was
the case for all the different energy pulses simulated as observed in Fig. 22.5a. As
previously observed, the thermal stresses also followed the temperature distribution
where in this case between 0 and 250 ns the stresses were increasing, then slowly
decreased with time when the laser was OFF (Fig. 22.5b).

It can be observed in Fig. 22.4b, d that the induced thermal stresses were higher
than 830MPawhich is the fractural strength of silicon nitride for all the laser energies.
This allowed the possibility of extensive surface damages such as micro-cracks in
the region illustrated in Fig. 22.5c, d.

22.3.2 Surface Chemistry and Topography

Figure 22.5c, d illustrate scanning electron microscopy (SEM) images of the
machined surfaces captured demonstrating the nucleated micro-cracks in respec-
tive laser energy intensities. Figure 22.5c illustrates the cracks that developed when
the surface was ablated with the pulse energy of 0.1 mJ. The melt pool is evident on
the residual surface. At increased pulse energy of 0.2 mJ, the material that vapor-
ized and redeposited during crystallization can also be seen on the residual surface
in Fig. 22.5d, corresponding to the temperature above vapor point obtained while
ablating at this energy pulse.

The as received and ablated surfaces were further taken for analysis by EDX.
Fig 22.6a illustrates the SEM surface of as received with Fig. 22.6b representing
the EDX results, while Fig. 22.6c, d illustrate the SEM and EDX of laser ablated
surface respectively. It is observed that the EDX result for as received indicates high
nitrogen content of 54.10% which is followed by silicon at 19.74% and oxygen at
12.97%. However, after machining the surface with a pulsing laser the EDX results
indicate a high drop of nitrogen to 11.00% with an increase in silicon to 52.02%.
The change in composition was as the result of the reactions that took place during
ablation where the material underwent melting, vaporisation and re-solidification.
The occurrence of these laser treatment phenomena is observed in the SEM of the
laser treated surface which indicates the redeposited material on the residual surface
as discussed earlier.

The dissociation of silicon nitride and silicon carbide that took place are described
by Eqs. 22.11 and 22.12. For this work, the enthalpy for all the dissociation reactions
was provided by the laser pulse. The silicon provided by Eqs. 22.11 and 22.12 solidi-
fied according to Eq. 22.13 and led to an increase in silicon (19.74–52.02%) detected
by EDX in the residual surface in Fig. 22.6d. The dissociation of silicon nitride also
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Fig. 22.6 a SEM of the as received surface, b EDX of the as received surface, c SEM of machined
at 0.15 mJ pulse energy, and d EDX of the machined surface at 0.15 mJ

led to the loss detected in nitrogen (54.10–11.00%) where the released nitrogen gas
escaped to the atmosphere contributing to plasma (plume gases) formation previ-
ously illustrated in Fig. 22.1b, c. Aluminium oxide also underwent dissociation as
per Eq. 22.14 resulting in aluminium increase from 2.79 to 3.02%. There were also
several oxidation reactions that took place.

The increase in oxygen from 12.97 to 25.71% was the result of silicon nitride
oxidation at enthalpies 4076.88 kJ/mol as per Eq. 22.15 forming vapours of SiO.
The formed SiO vapour was further oxidised to form solid SiO2 (Eq. 22.16) which
redeposited onto the surface. The carbon from SiC dissociation (Eq. 22.12) reacted
with the oxygen in the atmosphere forming carbon dioxide according to Eqs. 22.17
and 22.18 with about 2.16% of carbon lost to the atmosphere, contribution to the
plume gases. The formation of these oxides (silicon dioxide and carbon dioxide) led
to an increase in detected oxygen content in the residual surface.

22.4 Conclusions

A two dimensional COMSOLMultiphysics model of laser ablation of silicon nitride
ceramics has been developed. The evolution and distribution of thermal stresses
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were studied together with changes in surface temperature on the material. The
pulse energy was varied from 0.1, 0.15 to 0.2 mJ to evaluate the effect of laser pulse
energy on the resulting surface temperature and the thermal stresses. The changes
in the material surface morphology and chemistry associated with laser interaction
phenomena’s were also evaluated. The following were found:

• Energy was transferred from the laser source to the surface of the material, raising
the temperature to as high as 2800 K at 0.1 mJ, also taking into consideration the
heat loss through convection and radiation.

• Themodel indicated that heating the targetmaterials surface raises the temperature
gradient which induced compressive thermal stresses.

• Two cycles were observed, the heating cycle where the laser was ON (0–250 ns)
and cooling cycle during laser OFF time (after 250 ns).

• A steep heating curve was observed in the first 250 ns, followed by a gradual
decrease in the slope after 250 ns when the material was cooling.

• Gaussian distribution of heat also influenced the surface temperature and com-
pressive stress distribution was higher in the beam center, decreasing towards the
edges of the target material.

• Increasing the pulse energy led to an increase in surface temperature, which later
increased the induced stresses.

• Under all the energy conditions, the resulting thermal stresseswere above the target
materials flexural strength, increasing the possibility of evolution and expansion
of surface micro-cracks which were observed under SEM microscopy.

• Surface morphology of the material was dominated by dissociation and oxidation
reactions on the residual surface, withmost dominant reactions being endothermic.

• The heat for endothermic reaction was provided by the laser pulse.
• Ablating the material with a pulsing laser increased the surface content of silicon,
aluminium and oxygen while there was a decrease in nitrogen and carbon content.
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Chapter 23
Comparative HPLC Study
of Isomers of N,N′-2,3-
Butylenebis(Trifluoroacetylacetoniminato)
Copper(II) and Palladium(II) Chelates
Using Silica-Based and Zirconia-Based
Stationary Phase

David Tanyala Takuwa

Abstract The development of newer columns in chromatography is geared towards
improving their selectivity towards given analytes or improvement in the column
chemical stability. In recent years, the development of zirconia stationary phase
brought hope of working at extended pH and high temperatures when compared
to silica-based stationary phase. In this study, isomers of both copper and palla-
dium were studied by varying pH and temperature on silica based columns (Symme-
tryShield™C18 (150mm× 3.9mm), J’sphereODSH-80, C18 (150mm× 4.6mm))
and zirconia based column (DiamondBond-C18 (150 mm × 4.6 mm)). The results
obtained revealed that increase in pH on zirconia-based columns led to the formation
of multi-charged retention sites that resulted in the baseline resolution of the four
isomers, in contrary to silica-based columns that could not resolve the four isomers
under the same condition, but within pH range of 2–8. Temperature variations did
not yield any improvement on the results obtained with silica-based columns. Silica
columnswere limited tomaximum temperatures of 60 °C. The effect of high tempera-
ture on the DiamondBond C-18 was found to reduce the retention times and increase
selectivity, resolution and column efficiency of the compounds, which are factors
desirable for successful chromatography. In addition, there was improvement in the
peak height on DiamondBond C-18 column, which could be beneficial for quantita-
tive analyses through enhanced signal to noise ratio for lower detection limits. This
study revealed the benefits of zirconia substrate due to its extended pH ranges and
high temperatures, making this newer column to be of interest for application of a
variety of chromatographic analyses.
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23.1 Introduction

The development of organic compounds incorporating metals, such as those finding
utility as drugs [1] and in applications such as selective sensor electrodes [2] and
catalysis [3] continue to necessitate analytical application of high performance liquid
chromatography (HPLC). Recently, a challenge has been in preparing compounds
with high purity of an active isomer. Isomers are compounds that have identical
type and number of atoms, but differ in their spatial conformation. Sometimes these
isomers may display closely similar chemical and physical properties, making it dif-
ficult to resolve them using conventional analytical separation methods. In biological
and clinical systems, it has been observed that a non-active isomer may contribute
to side effects, toxicity, and/or even be antagonist to the activity of the active isomer
[4]. The synthesis and catalytic application of particular metal complex isomers for
specialized reactions is also receiving considerable attention [5, 6].

In the last few decades, many reversed-phase HPLC stationary phases have been
developed with aims of improving their efficiency, selectivity and chemical stability
with hopes of increasing the separation power of this technique [7–9]. Unfortunately,
such developments have received little attention with respect to the separation of iso-
mers of metal complexes. A common scenario where reversed-phase HPLC columns
are utilized for isomer separation, is when they are employed with a chiral selector
[2, 3]. Such application of HPLC columns which reduces emphasis on resolution is
likely to result in minimizing the benefits that these newer stationary phases could
offer as separation systems, and also results in unnecessary extra costs for specific
detection.

The zirconia substrate is of particular interest because of its thermal and chemi-
cal stability with the possibility for use over a wider pH range than the silica based
columns [10]. The zirconia substrate also has the ability to display different sur-
face charges depending on the pH and type of buffer, allowing electrostatic inter-
actions of this surface with the analyte [10, 11]. Jackson et al. [12] used a carbon
coated zirconia column to separate isomers of pharmaceutical compounds. How-
ever, the isomers were derivatized with Mosher’s reagent to make diastereomeric
pairs before their determination. When comparing selectivities of zirconia-based
columns, DiamondBond-C18 and ZirChrom-Carb displayed an improved selectivity
over the other zirconia-based columns in the separation of bases, non-electrolytes,
isomers, and diastereomers [13]. These two columns were capable of giving a base-
line resolution of the ethylbenzene and p-xylene, a separation which is usually diffi-
cult with conventional reversed-phase HPLC columns. A decade ago, baseline sep-
aration of toluidine, aminophenol, nitroaniline, nitrophenol and dihydroxybenzene
isomers was achieved by a zirconia stationary phase modified with dodecylamine-
N,N-dimethylenephosphoric acid [14].

The goal of this study is to take advantage of the improved selectivity and elec-
trostatic interactions of a zirconia phase with the analyte when pH and temperature
are varied, thereby to determine if this stationary phase separates metal complex
positional isomers. The isomers of copper(II) and palladium(II) complexes were
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chosen because of ongoing effort in drug development and catalysis using organic
complexes of these metals around the world [1, 14–16]. Temperature and pH varia-
tions are known to contribute to the best peak shape and resolution of these isomers
within the shortest possible time [17, 18]. Reversed-phase silica-based columns were
compared with reversed-phase DiamondBond-C18, a zirconia column, in separating
the isomers of Cu(II) and Pd(II) N,N ′-2,3-butylenebis(trifluoroacetylacetoniminato)
complexes in this study.

23.2 Experimental

23.2.1 Instrumentation

The chromatographic measurements were performed using model 2695 HPLC
instrumentation equipped with a Waters 2487 dual wavelength absorbance detector
(Waters, Milford, MA, USA). The data were acquired and processed with a Com-
paq Pentium III computer equipped with millennium 32 software (Waters, Milford,
MA, USA). Temperature of the columns was regulated using a model 7956 heater
chiller (Jones Chromatography, UK). pH was measured by a Corning 125 pH meter
on aqueous samples before mixing with the organic modifier. The pH meter was
calibrated with pH 4.0 and 7.0 standard solutions each time a buffer solution was
prepared. Columns usedwere SymmetryShield™C18 (150mm× 3.9mm), J’sphere
ODS H-80, C18 (150 mm × 4.6 mm) with silica stationary phase, both fromWaters
Inc., Milford, USA and DiamondBond-C18 (150 mm × 4.6 mm) manufactured
by ZirChrom Separations, Anoka, MN, USA. A frit (0.5 μm stainless steel) from
UpChurch Scientific and C-18 water reversed-phase sentry guard columns were con-
nected between the injection port and the column to protect the column from damage
from materials in the sample.

23.2.2 Chemicals

An HPLC grade acetonitrile (Fisher Scientific) was used as solvent or organic mod-
ifier. Monobasic potassium phosphate and phosphoric acid (HPLC grade) (Fisher
Scientific) were used to prepare buffer solutions at pH 2.15, 7.20 and 12.15. These
values correspond to the three-pKas of phosphoric acid, each optimizing buffering
capacity for phosphate buffer. A mobile phase of 50% acetonitrile and 50% 30 mM
phosphate buffer at the respective pHs was used throughout the study. The analytes
were all detected at 275 nm. This wavelength was determined from ultraviolet/visible
absorption spectra of the compounds analyzed.

The metal complex isomers used were cis and trans copper(II) and palla-
dium(II) chelates of N,N ′-2,3-butylenebis(trifluoroacetylacetonimine), Cu(bnTFA2)
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Fig. 23.1 Representative
structure of N,N ′-2,3
butylenebis(trifluoroacetylacetoniminato)
metal chelates (M = Cu(II)
or Pd(II))

and Pd(bnTFA2) (Fig. 23.1). These metal complex isomers were prepared in an
earlier study and donated by Professor Uden [19, 20].

23.3 Results and Discussion

23.3.1 Optimization of Working Conditions

The separation of Cu(II) and Pd(II) chelates of N,N ′-2,3-
butylenebis(trifluoroacetylacetoniminato) was initially investigated with 50%
acetonitrile and 50% of 30 mM phosphate buffer mobile phase (pH 2.15) with
J’sphere ODS H-80 and SymmetryShield, C18 columns at 5 °C. Lower temperature
is known to increase the retention of isomers with subsequent improvement in
resolution [17, 21]. The statistics of the results in this study were reported with 95%
confidence level. For the silica based columns, SymmetryShield and J’sphere under
the above conditions, the Cu(II) isomers were separated with baseline resolution,
with the cis isomer being less retained (Fig. 23.2a, b, peaks 1 and 2). A symmetrical
peak (USP tailing factors ca. 1.0) was observed for the Pd(II) isomers indicating
no resolution at all (Fig. 23.2a, b, peaks 3 and 4). Variation of organic modifier and
buffer concentrations did not produce any improvement in the resolution of the Pd(II)
isomers. Also, no improvement was observed in the resolution of Pd(II) isomers
when the temperature was reduced to 0 °C. There was no significant difference in
the retention times, USP tailing factors and USP resolution of all the analytes at
both 5 and 0 °C for the silica-based columns. When the temperature was increased
to 40 °C, there was no improvement in the resolution of the complexes, except the
reduction of retention times. The areas of the peaks did not differ significantly as a
function of temperature, which was an additional indication that the analyte was not
lost or degraded as temperature was increased.

When no resolution on the Pd(II) isomers was obtained using the silica-based
columns, the DiamondBond-C18, with a zirconia substrate, was evaluated. Similar
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Minutes
0.00 10.00 20.00 30.00

Fig. 23.2 Chromatograms of Cu(II) and Pd(II)N,N ′-2,3-butylenebis(trifluoroacetylacetoniminato)
isomers using: a SymmetryShield™ C18, b J’sphere ODS H-80, c DiamondBond-C18 columns
in (50:50 v/v) acetonitrile:30 mM phosphate buffer (pH 2.15) at column temperature 5 °C and
detection wavelength 275 nm. Peaks (1 = cis-Cu(II) and 2 = trans-Cu(II) isomer; 3 = trans-Pd(II)
and 4 = cis-Pd(II) isomers)

conditions as for the silica-based columns were used with this column: (50:50 v/v)
acetonitrile:30mMphosphate buffer (pH2.15),with a temperature of 5 °C. In contrast
to the results obtained with silica-based columns, the Pd(II) isomers were completely
resolved (Fig. 23.2c, peaks 3 and 4) but there was very little resolution of the Cu(II)
isomers, a doublet peak being formed (Fig. 23.2c, peaks 1 and 2). The trans isomer
was less retained than the cis in the case of Pd(II) isomers, which is reversed from
the elution order for the Cu(II) isomers on the silica-based columns.

Reduction in temperature to 0 °C and variations in the concentrations of organic
modifier and buffer solution did not resolve the Cu(II) isomers on the DiamondBond-
C18. When the temperature was increased to 40 °C, the doublet peak observed for
Cu(II) isomers was lost, and a single symmetrical peak with a USP tailing factor of
1.06 was produced. Lower temperatures typically give better resolution of isomers
because of a reduced rate of isomerization, which ensures each isomer can pass
through the column unchanged [17]. Hence, the loss of resolution for the Cu(II) iso-
mers at an elevated temperature might be due to an increased rate of inter-conversion
between the trans and cis isomers. However, it could also be that the cis isomer for
Cu(II) was relatively more desorbed than the trans isomer at high temperature lead-
ing to less retention time for the former, resulting in co-elution of the two isomers.
When comparing the results obtained on the silica-based columns to those from
DiamondBond-C18, it was clear that the separation of Cu(II) and Pd(II) isomers was
controlled by different mechanisms. To understand the behavior of these isomers,
50% acetonitrile and 50% of 30 mM phosphate buffer mobile phase at 5 °C were
selected for further studies.
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23.3.2 Effect of Changing pH of the Phosphate Buffer
Solution

23.3.2.1 Effect of Phosphate Buffer at pH 7.20

The results obtained from above study indicated that variations in the organic content
of the mobile phase and column temperature would be very difficult to manipulate
to get resolution of the Cu(II) and Pd(II) isomers in a single chromatogram using
either silica or DiamondBond-C18 based columns. However, the other option was
to vary the pH of the mobile phase with hopes of creating a substrate with different
electrostatic interaction, especially for the zirconia-based column. For silica-based
columns the results obtained by increasing pH from 2.15 to 7.20 were not signifi-
cantly different from each other, which was from being very acidic to being neutral.
Resolution was only observed for the Cu(II) isomers and not Pd(II) isomers, as was
the case at pH 2.15. The retention factors, USP tailing factors, USP resolution and
USP plate count for the analytes were also not significantly different between pH
2.15 and 7.20 for these columns (Table 23.1).

The above results suggested one mechanism that predominantly controlled the
separation of these isomers at both the pHs when using silica-based columns. In an
effort to explain the separationmechanism thatwas occurring on the silica columns, it
is noted that the surface of the silica substrate has zero charge at pHbelow3, thereafter
it becomes slightly negative up to about pH 7, and then gets strongly negative as pH
is increased after 7 [22, 23]. Based on the zero charged surface of the silica substrate
at pH 2.15, separation of the isomers would be controlled mainly by hydrophobic
interactions, which strongly suggests that the copper(II) complexes are likely to be
more hydrophobic than the Pd(II) isomers. The size of Cu2+ ion is relatively smaller
than that of Pd2+ enabling bnTFA, the chelate to enclose it completely thus making
the metal complex behave like an organic molecule with very weak electrostatic
interactions, allowing this molecule to interact with the C-18 substrate on the silica
column predominantly through “reverse phase mode” interaction.

Increasing the pH from 2.15 to 7.20 on the silica-based columns created a weakly
negatively charge surface on the silica substrate. However, the effect of this nega-
tively charged surface seems to have had very little effect on the resolution of the
Pd(II) isomers. Silica-based columns are generally believed to undergo a two-mode
retention separationmechanism involving reversed-phase (hydrophobic) interactions
and ionic exchange (usually for basic compounds) interactions [24]. Hydrophobic
interactions predominate at lower pH, whereas ion exchange interaction is strong at
high pH. Unfortunately, the benefits of ion exchange surface on silica-based columns
are not fully utilized because the silanol groups on the silica substrate start dissolv-
ing with increase in pH above 7.5, producing irreproducible data with poor column
efficiency [25].

On the other hand, when pH was increased from 2.15 to 7.20 using the
DiamondBond-C18 column, resolution of both the Cu(II) and Pd(II) N,N ′-2,3-
butylenebis(trifluoroacetylacetoniminato) isomers was observed (Fig. 23.3).
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1  Cis-Cu(bnTFA2)

2   Trans-Cu(bnTFA2)

3   Trans-Pd(bnTFA2)

4   Cis-Pd(bnTFA2)

Fig. 23.3 Chromatogram for Cu(II) and Pd(II)N,N ′-2,3-butylenebis(trifluoroacetylacetoniminato)
isomers using DiamondBond C-18 column using 50:50 (v/v) acetonitrile:30 mM phosphate buffer
(pH 7.20) at column temperature 5 °C and detector wavelength 275 nm

According to Henry [22] the net charge on a zirconia surface is strongly positive at
low pH of below 3. Above pH 3, the charge on the surface becomes weakly positive
until about pH 6.5, where it becomes close to zero until about pH 7.5. Thereafter, it
steadily becomes strongly negative with increase in pH. The reduction in the positive
electrostatic interaction of the zirconia substrate from low pH to mid pH increases
the hydrophobicity of the column as pH is increased. At low pH, hard Lewis bases
such as phosphate, nitrate, hydroxide, carboxylate and fluoride ions adsorb strongly
to the zirconia (hard Lewis acid sites) substrate altering the charge that would be
otherwise observed on this surface [26]. In this study using the phosphate buffer
in the eluent, the PO4

3− ions adsorbed to the zirconia substrate creating a negative
charge surface even at lower pH, where bare zirconia usually displays a positive
charge [11, 26]. In the presence of an ion exchange surface (e.g. due to PO4

3−
ions) on a hydrophobically coated zirconia column [23] (e.g. zirconia coated with
polybutadiene), a three-site retention model for interaction of a zirconia substrate
and analyte has been proposed [24, 26]. The proposed three-site retention model for
zirconia-based columns includes “pure” reversed-phase, “pure” ion exchange and
hydrophobically assisted ion-exchange sites.

The existence of multipoint interaction between the stationary phase and analyte
has been used to improve selectivity and separation of complex compounds such as
chiral isomers [27]. It is believed that the Pd(II) ion in the bnTFA complex could
possibly have Lewis acidic sites which interacted with the hard Lewis base, PO4

3−
ions, adsorbed on the zirconia substrate at low pH, producing a multipoint interac-
tion between the Pd(II) isomers and the stationary phase. At lower pH ca. 2.15 with
the phosphate buffer, the ionic exchange retention mode is likely to have predomi-
nated over the interaction of the zirconia substrate and the analytes. It was expected
that since “pure” hydrophobic (reversed phase) interaction is limited at this pH, the
more hydrophobic Cu(II) isomers would not be separated, but their resolution should
improve with increase in pH, since the hydrophobicity of the zirconia is improved
with increase of pH to about 7 [22, 23]. At pH 7.20 both the Cu(II) and Pd(II) N,N ′-
2,3-butylenebis(trifluoroacetylacetoniminato) isomers were resolved with baseline
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resolution on the DiamondBond-C18 column as was predicted (Fig. 23.3, peaks
1–4). At mid-range pH, zirconia substrate displays a mixture of ionic interaction and
hydrophobic interaction which under controlled chromatographic conditions could
separate both hydrophobic and non-hydrophobic species [23, 26].

An interesting observation at both pH 2.15 and 7.20 was that the cis Pd(II)
N,N ′-2,3-butylenebis(trifluoroacetylacetoniminato) isomer was retained more than
the trans isomer when using the DiamondBond C-18, which was opposite behavior
to that on the silica-based columns for Cu(II) isomers. The behavior of the Pd(II)
isomers was attributed to the shape selectivity of DiamondBond-C18 column. Dia-
mondBond C-18 is made up of spherical and porous carbon clad particles covalently
bonded with octadecyl groups, making this column combine partitioning mecha-
nism with shape selectivity, leading to possible resolution of the two isomers [23,

28]. In addition, the pore size of the DiamondBond C-18 (300 Ǻ) could also have
contributed to the selectivity in the retention of the Pd(II) isomers as explained in
previous studies [9, 29, 30]. The pore size of J’sphere ODS H-8 C-18 and Sym-

metry Shield™ C-18 is 80 and 100 Ǻ, respectively. From literature [29, 30], it is
argued that narrow pore of columns leads to the crowding of the ligands (polymeric
or alkyl) on the chromatographic substrate hindering accessibility to the stationary
phase. This could explain why Pd(II) isomers could not be resolved by the two silica-
based columns. The cis Pd(II) isomer is planar, with both methyl groups equatorial
and can relatively easily access the zirconia substrate due to its linear shape, and
interact with charged zirconia substrate, as compared to the trans isomer, which has
one of the methyl groups shifted to the axial position. The cis isomer would then
interact with the PO4

3− ions adsorbed on the zirconia acidic sites, thereby beingmore
retained due to enhanced electrostatic interactions. On the other hand, the trans iso-
mer, which had a twisted shape, would have a respectively limited interaction with
the PO4

3− ions on the zirconia acidic sites resulting in reduced electrostatic inter-
actions and leading to less retention of this isomer, thereby producing resolution
between these isomers [19]. To test the theory that Pd(II) isomers could incorporate
hard Lewis acidic sites, which interacted with the hard Lewis base ions (PO4

3−) on
the zirconia substrate to effect resolution, an experiment was conducted in which the
DiamondBond-C18 column was used without any hard Lewis base at low pH. In that
experiment, chromatographic conditions were kept constant with the exception of
phosphate buffer, which was replaced with hydrochloric acid to lower the pH to 2.15.
The use of hydrochloric acid to lower the pH produced a zirconia substrate that has
no negatively charged surface as was the case with phosphate buffer, since the chlo-
ride ion is not a strong Lewis base [23, 24, 26]. Under these conditions, there was no
resolution observed for either the Cu(II) or Pd(II) isomers. Two peaks were observed
at 14 and 16 min representing the unresolved Cu(II) and Pd(II) isomers respectively.
For the Cu(II) isomers, the results were expected since it has been established that
the column has limited hydrophobic sites at low pH, which could affect resolution
of these isomers. In the case of Pd(II) isomers, lack of hard Lewis base ions resulted
in limited electrostatic interaction with the stationary phase and the Lewis acidic
sites of the Pd(II) because of the weak electrostatic interactions which could oth-
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erwise affect resolution of these isomers. Also, earlier research on ZirChrom-PBD
has established that it is very difficult to cover all the available Zr(IV) acidic sites on
the zirconia substrate when coating the stationary phase with polybutadiene [8, 31].
Using the same argument, it could be reasoned that Zr(IV) acidic sites could also be
available on the carbon clad bonded DiamondBond-C18 column which would have
had a repulsive electrostatic interaction with the Pd(II) Lewis acidic sites affecting
the retention of these isomers, with subsequent negative effects on their resolution.
The retention time of the cis-Pd(II) isomer when using phosphate buffer at pH 2.15
was about 27 min but 16 min with hydrochloric acid at the same pH. This is a strong
indication that the significant reduction in retention times of this isomer could be
due to electrostatic repulsion interaction between the Zr(IV) Lewis acidic sites and
Pd(II) Lewis acidic sites.

23.3.2.2 Effect of Phosphate Buffer at pH 12.15

The optimized conditions of 50% acetonitrile and 50% of 30 mM phosphate buffer
mobile phase at a column temperature of 5 °C were used with pH of the buffer
increased to 12.15. The silica-based columns in this study were not used at pH 12.15
because the silanol groups could dissolve. At this high pH, silica-based columns
have strong negatively charged surface, which perhaps could have produced electro-
static interaction with the Pd(II) N,N ′-2,3-butylenebis(trifluoroacetylacetoniminato)
isomers with subsequent resolution.

The results obtained at pH 12.15 were compared to those at pH 7.20 when using
the DiamondBond C-18 column. At pH 12.15 all the isomers had baseline resolution
(Fig. 23.4, peaks 1–4).

From the above results, it was observed that there was an improvement of about
39% in the resolution between the Cu(II) isomers and a 11% reduction between the
resolution of Pd(II) isomers. The resolution between the Cu(II) isomer and Pd(II)
isomer, peaks 2 and 3 on Fig. 23.4, increased by 4%. In general, it was observed that
the retention times of all the isomers increased from low pH (2.15) and reaching a
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Fig. 23.4 Chromatograms forCu(II) andPd(II)N,N ′-2,3-butylenebis(trifluoroacetylacetoniminato)
isomers using DiamondBond C-18 column using 50:50 (v/v) acetonitrile:30 mM phosphate buffer
(pH 12.15) at column temperature of 5 °C and wavelength 275 nm, Peaks (1 = cis-Cu(bnTFA2), 2
= trans-Cu(bnTFA2), 3 = trans-Pd(bnTFA2) and 4 = cis-Pd(bnTFA2))
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maximum at mid pH (7.20) and then reducing as pH was increased, and being lowest
at pH 12.15. Hu et al. [26] found a similar trend when determining the effects of vary-
ing pH of mobile phase using phosphate buffer when studying drug compounds on
ZirChrom-PBD column. The explanation to that behavior was attributed to the nature
of the zirconia substrate and polybutadiene coating as pH was increased. At about
pH 7, the hydrophobic and electrostatic interaction for zirconia-based columns is
equally strong, enhancing hydrophobic, hydrophobically assisted ion-exchange and
electrostatic interactions between the analyte and the stationary phase, which could
lead relatively to strong retention of both hydrophobic and slightly polar species [24,
26]. In the same study, Yang et al. [24] reported that hydrophobic interaction between
some drugs with ZirChrom-PBD increased with increase in pH. The hydrophobic
interaction was believed to be due to the polybutadiene coating and the analytes.
The conclusion derived from that study was that hydrophobic interactions for the
ZirChrom-PBD column are dominant at high pH, even though the zirconia sub-
strate is negatively charged [22, 26]. The same behavior is believed to exist for the
DiamondBond C-18 column. That was evident based on the increased resolution
obtained between the Cu(II) isomers, which according to our finding would separate
well on a more hydrophobic substrate, as was the case on silica-based columns at
low and mid pH. Therefore, if hydrophobic interaction on the DiamondBond C-18 is
dominant at high pH, the resolution between the Cu(II) isomers would be expected
to be highest at that pH. In our study, the highest resolution of the Cu(II) isomers
was observed at pH 12.15 supporting the above argument. On the other hand, Pd(II)
isomers which is believed to have Lewis acidic sites produced the highest resolu-
tion at low pH where ionic interactions were dominant and lowest at high pH where
hydrophobic interaction was dominant as was evident by reduction in the resolution
between the Pd(II) isomers at pH 12.15 when compared to lower pH.

To determine the stability of the compounds studied as pH was varied, the peak
area of each of the four isomers was compared at pH 2.15, 7.20 and 12.15 with 95%
confidence level. There was no significant difference in the peak areas of all the
isomers as pH was varied, suggesting that the isomers were not lost either through
decomposition or strong adsorption to the column. In general, efficiency, resolution
and USP tailing factors were improved at pH 12.15, producing good quality chro-
matographic data. It is very clear from our studies that the resolution of the Pd(II)
isomers required strong electrostatic interaction, which could only be satisfied by
the DiamondBond C-18. The stationary phase of silica-based columns have strong
negative charge at high pH; unfortunately most of these columns could not be used
because of dissolution of silica at high pH.

To determinewhether the separation of theCu(II) andPd(II) isomers at pH12.15 is
dependent on only phosphate buffer, a second experiment was conducted by keeping
all the chromatographic conditions constant with the exception of the buffer, where
sodium hydroxide was used to keep the pH at 12.15. A baseline resolution was
observed for both the Cu(II) and Pd(II) isomers. The retention factors, USP tailing
factors, resolution and USP plate counts of these isomers were not significantly
different when phosphate buffer was replaced with sodium hydroxide. These results
indicated that the separation of the twometal complexes at high pH did not depend on
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the type of buffer. It was evident that for the Pd(II) isomers to have baseline resolution,
a substrate with substantially electrostatic interaction was required, and the zirconia-
based column satisfied that requirement. Earlier research to obtain baseline resolution
for Cu(II) and Pd(II) N,N ′-2,3-butylenebis(trifluoroacetylacetoniminato) isomers on
a single chromatogram was not successful using silica-based columns using both
normal or reversed-phase HPLC [20, 32] or gas chromatography [19].

23.3.3 Effect of Temperature on the DiamondBond C-18
Column

Zirconia-based columns are also known to improve the quality of chromatographic
data with increase in temperature [9, 33]. Therefore, using chromatographic condi-
tions at pH 12.15 with the phosphate buffer, the temperature of DiamondBond C-18
was varied from 0 to 80 °C. Lower temperatures have been used to improve peak
shape, peak height and resolution of thermal labile metal complexes using both nor-
mal [17] and reversed-phase HPLC [21]. Earlier studies on the effect of temperature
on the HPLC of metal complexes has reported decomposition of the metal com-
plexes as a function of temperature [21]. Therefore in our study, as the temperature
was increased, the area, tailing and shape of the peaks of the isomers were closely
monitored to determine any signs of decomposition or unexpected interaction of
the analytes with the column. It was observed that no decomposition or unexpected
interaction occurred between the analytes and the column up to 80 °C. The column
pressure was lowered substantially with increase in the column temperature, which
could have allowed use of high flow rates if there was need to do so. There was an
improvement in the peak shapes, increase in peak height and reduction in retention
of the isomers as temperature was varied from 0 to 80 °C, (Fig. 23.5, peaks 1–4).
The increase in peak height leads to improvement on the signal to noise ratio with
subsequent benefits in the detection limits of the analytes.

When comparing the results obtained at 60 and 80 °C, no significant difference
was observed in the chromatographic behavior of all the isomers. Even though work-
ing with high temperature could be beneficial, caution is required that the analytes
are not decomposed at elevated temperatures, and also the life span of the column is
compromised with increase in temperature, therefore the lower temperature, 60 °C
was selected as the optimum in our study. In general, there was improvement in USP
tailing factors for all the isomers as temperature was increased. The USP tailing
factors of Pd(II) isomers had an improvement of over 50% (Table 23.2) which pro-
duced more symmetrical peak shapes of these isomers (Fig. 23.5, peaks 3 and 4). A
symmetrical peak leads to improvement in the resolution of the peaks and improves
the quantification of the peak area, which could benefit both qualitative and quanti-
tative analyses. These results are in contrary to those obtained by Henderson et al.
[21] where the peak shapes of metal diketonate complexes improved with reduction
in temperature using silica-based columns with reversed-phase HPLC. On the other
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Fig. 23.5 Chromatograms forCu(II) andPd(II)N,N ′-2,3-butylenebis(trifluoroacetylacetoniminato)
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Table 23.2 Comparison of chromatographic behavior for Cu(II) and Pd(II) N,N ′-2,3-
butylenebis(trifluoroacetylacetoniminato) isomers on a DiamondBond C-18 column using 50:50
(v/v) acetonitrile:30 mM phosphate buffer at pH 12.15 and column temperatures of 0 and 60 °C at
wavelength 275 nm

Metal complex isomer Retention time
(min)

USP
resolution

USP tailing
factors

USP Plate
count (× 103)

0 °C 60 °C 0 °C 60 °C 0 °C 60 °C 0 °C 60 °C

Cis-Cu(bnTFA2) 13.15 10.53 – – 1.40 1.38 7.31 8.78

Trans-Cu(bnTFA2) 16.26 12.51 4.88 4.02 1.13 1.01 9.90 9.52

Trans-Pd(bnTFA2) 19.89 15.14 3.63 4.53 2.73 1.22 3.83 8.98

Cis-Pd(bnTFA2) 24.57 18.06 3.29 4.60 2.43 1.08 4.76 13.2

hand, in a different study using a zirconia-based column, ZirChrom-PBD, it was
observed that narrower peaks were produced at 100 °C compared to 40 °C when
analyzing alkylbenzenes using reversed-phase HPLC [34].

As temperature was increased from 0 to 60 °C in our study there was a slight
reduction of about 18% between the resolution of Cu(II) isomers. Therefore, in
this case lower temperature improved resolution of the Cu(II) isomers. A similar
behavior by fac and mer isomers of aluminum beta-diketonates has been reported
using silica-based columns on normal-phaseHPLC,where the two isomers improved
in resolution with decrease in temperature. On the other hand, the Pd(II) isomers
had an improvement in resolution of about 40%, which was in agreement with
results obtained by Li and Carr [34, 35] when analyzing alkylbenzenes and polyaro-
matic hydrocarbons using a coated polybutadiene-zirconia columnon reversed-phase
HPLC. However, it was also found that some compounds reduced in resolution, even
though their resolution was still acceptable. Their study concluded that elevating
the temperature on polybutadiene-coated zirconia leads to different selectivities of
the compounds which could lead to different resolution behavior as was observed
in our case. High selectivity would lead to improved resolution, and vice versa. It
is believed that the DiamondBond C-18 displayed similar behavior, with the Pd(II)
isomers expected to improve in resolution based on the observed selectivity of this
column towards these isomers. In contrary, the Cu(II) isomers did not improve in res-
olution since the DiamondBond C-18 has a limited selectivity towards these isomers
at high temperature.

23.3.4 Effect of Temperature on Retention of the Isomers
and on Efficiency of DiamondBond Column

When the temperature was elevated from 0 to 60 °C, the retention time of all the
isomers in our study was found to reduce by at least 20% with no adverse effects
on resolution, Table 23.2 and Fig. 23.5. Lower retention times are very desirable
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due to reduction in overall analyses time and savings of the organic modifier. Liter-
ature review revealed that lower retention times of compounds have been reported
at elevated temperatures for both silica and zirconia-based columns using normal
and reversed-phase HPLC [17, 21, 34–36]. The decrease in retention times of the
analytes at elevated temperatures can be attributed to the increased mass transfer
resistances between the mobile phase and stationary phase. The column efficiency
was reported as USP plate counts. In general, there was an improvement in the col-
umn efficiency especially for the Pd(II) isomers. For the Pd(II) isomers, the column
efficiency improved by over 50%, Table 23.2. The column efficiency of a polybutadi-
ene coated-zirconia column was also found to increase with elevation in temperature
[34].

23.4 Conclusion

In this study, we have demonstrated the separation power of zirconia-based stationary
phase on metal complex isomers. The chemical stability of zirconia column plays
an important role in this regard when compared to the silica-based columns, which
usually cannot be used in the more important ionic region above pH 8. It is evi-
dent that the Pd(II) isomers required a stationary phase with substantial electrostatic
sites; otherwise it would have been very difficult tomanipulate the conventional silica
columns to effect any resolution of these isomers. The increase in the hydrophobicity
of the zirconia-based columns at high pH opens new avenues for chromatographers
to explore, especially where they might have been limited by the stability of the
stationary phase to conduct experiments requiring a hydrophobic stationary phase at
high pH. The use of high pHwas found to improve resolution of the isomers, and also
reduction in retention times, which could be beneficial in routine analysis in time and
organic modifier savings. The ability of the zirconia-based columns to display multi-
charged retention sites with different buffers at different pHs make these columns
worth consideringwhen dealingwith complexmatrix. These zirconia-based columns
offer a possibility to optimize the charge on the stationary phase through the use of
different buffers at different pHs to obtain a substrate which could simultaneously
display equally strong hydrophobic, ionic and cationic sites to separate compounds
with zwitter ions and various isomers throughmultipoint interactions. The Diamond-
Bond C-18 column has the capabilities of combining partitioning mechanism with
shape selectivity making this column ideal for separation of isomers. The effect of
temperature on the DiamondBond C-18 column was found to reduce the retention
times and increase selectivity, resolution and column efficiency of some compounds,
which are factors desirable for successful chromatography. The improvement in
the peak height can also be beneficial for quantitative analyses through enhanced
signal to noise ratio for lower detection limits. Sadly though, this column has not
received enough attention as that afforded to the ZirChrom-PBD. The other zirconia-
based columns such as the ZirChrom-Carb, ZirChrom-PE and ZirChrom-PS have
also received very little attention from the chromatographers. It is with hope that this
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study will direct chromatographers to explore the benefits of the other zirconia-based
columns, especially the DiamondBond C-18.
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Chapter 24
Copper-Based Nanoparticles, Their
Chemistry and Antibacterial Properties:
A Review

Zehra Edis, Samir Haj Bloukh, Akram Ashames and May Ibrahim

Abstract Copper nanoparticles (CuNPs) have different structural properties and
effective biological activities. One of the major proven applications of CuNPs is
antimicrobial activity. The advantage of CuNPs is the control over particle size and
compositions to provide additional applications. The synthesis of CuNPs through
green synthesis, chemical, physical and biological methods is possible. The toxicity
and stability of CuNPs are important for its use as antimicrobial agent. This work
reviews the behavior of CuNPs and copper-based NPs as antimicrobial agents in
different media under various conditions.

keywords Copper · Nanoparticles · Antimicrobial agents

24.1 Introduction

Bacterial infection became aworldwide threat becausemany bacteria have developed
a resistance against antibiotics. Therefore, the search for new antimicrobial agents
is vital for the survival of the human species. Historically, metals played an impor-
tant role in fighting bacterial infections. Recently, metal-based nanoparticles (NPs)
moved into the spotlight as new antimicrobial agents [1]. NPs possess unique prop-
erties such as small size and high surface-to-volume ratios. The large surface area
of the NPs enhances their interaction with the microbes to carry out broad-spectrum
antimicrobial action [2]. Many metal-based NPs such as gold, zinc, titanium, cop-

Z. Edis (B) · S. Haj Bloukh · A. Ashames · M. Ibrahim
Department of Pharmaceutical Sciences, Ajman University (AU), College of Pharmacy and
Health Sciences, P.O. Box 346, Ajman, UAE
e-mail: z.edis@ajman.ac.ae

S. Haj Bloukh
e-mail: s.bloukh@ajman.ac.ae

A. Ashames
e-mail: a.ashames@ajman.ac.ae

M. Ibrahim
e-mail: may.ibrahim@ajman.ac.ae

© Springer Nature Switzerland AG 2019
P. Ramasami et al. (eds.), Chemistry for a Clean and Healthy Planet,
https://doi.org/10.1007/978-3-030-20283-5_24

401

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-20283-5_24&domain=pdf
mailto:z.edis@ajman.ac.ae
mailto:s.bloukh@ajman.ac.ae
mailto:a.ashames@ajman.ac.ae
mailto:may.ibrahim@ajman.ac.ae
https://doi.org/10.1007/978-3-030-20283-5_24


402 Z. Edis et al.

per, and magnesium, have antibacterial activities [1]. Additionally, metal NPs can
be associated with other nanostructures and used as carriers for antimicrobial drugs,
increasing potential applications. Since ancient times, mankind utilizes copper to
disinfect water and wounds. In the 1880s, mixtures of copper sulfate, lime and water,
or copper sulfate and sodium carbonate were used in the US and France as fungi-
cides. However, copper ions and copper compounds can be toxic to microorganisms,
humans and the environment if present in large amounts [3].

CuNPs are part in many antimicrobial formulations and in products like synthetic
and natural textiles, biomedical and surgical devices, food processing and packaging,
as well as in water purification. This review focuses on bioactivities of CuNPs and
copper-based NPs with a spot on their toxicity. Moreover, the possible mechanism
of their mode of action on microbes has been reviewed [2]. Many factors can affect
the antimicrobial activity of the NPs including formulation process, environment,
bacterial defense mechanism and physical characteristics of NPs [4]. NPs can greatly
increase the production of Reactive Oxygen Species (ROS), which consequently can
damage and inactivate essential biomolecules, including DNA, proteins, and lipids
[5]. They are probably able to participate in subcellular reactions, as their size is close
to biological molecules, i.e., large protein complexes. Therefore, NPs have shown
an ability to inhibit the growth of bacteria [6, 7].

Copper is cheap and easily available, therefore the synthesis of CuNP is cost
effective. An added advantage of CuNPs is their ability to oxidize and form copper
oxide NPs, together in mixtures of polymers or macromolecules [8, 9]. On the other
hand, there is an upsurge in resistance to other metals NPs due to genetic alterations
in bacteria. Combined with the mammalian cell toxicity results, Cu-based nanopar-
ticle coatings for antimicrobial wound care could offer a distinct advantage over the
more widespread use of metal-based coatings, which do not appear to be as effective
in eliminating pathogenic microorganisms and show a high degree of mammalian
cell cytotoxicity [10]. However, CuNPs have major limitations. Smaller CuNPs offer
higher activity, but may aggregate in clusters causing a decrease in essential prop-
erties [11]. In addition, rapid oxidation of CuNPs takes place on exposure to air.
Copper is oxidized to CuO and Cu2O, and converts into Cu2+ during preparation
and storage, making it is difficult to synthesize CuNPs in an ambient environment.
Therefore, alternative pathways are available to synthesize metal nanoparticles in the
presence of polymers. Polymers such as polyvinylpyrrolidone, polyethylene glycol,
chitosan need surfactants like cetyltrimethylammonium bromide as stabilizers and
to form coatings on the surface of nanoparticles [9, 12]. Copper is an essential metal
for the human body, but in large doses it could cause toxicity [3]. Toxicity of Cu
compounds was generally ranked as: Cu2+ > nano Cu(0) > nano Cu(OH)2 > nano
CuO>micron-scale Cu compounds. In addition to ROS generation, CuNPs can dam-
age DNA plasmids [13]. CuO NPs are most potent regarding cytotoxicity and DNA
damage in human lung epithelial cells [14]. Besides being an antimicrobial agent,
CuNPs can act as biosensors and catalysts with well known optical, colorimetric and
catalytic properties [15–17].
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24.2 Methods of Synthesis

Physical, chemical, green and biological methods produce CuNPs and copper-based
nanoparticles. Chemical reduction is the most widespread method, which involves
using different reducing agents such as hydrazine, ascorbic acid, hypophosphite or
sodium borohydride [12]. The shape, activity and size of formed CuNPs depend on
both the type of copper salt and reducing agent [18]. The chemical approach also
includes the microemulsion technique, but involves the use of large concentration
of surfactant [11]. Other techniques to prepare CuNPs include thermal reduction, a
capping agent method, sonochemical reduction and metal vapor synthesis [9]. Other
physicalmethods are pulse laser ablation/deposition andpulsedwire discharge.These
physical methods require expensive instruments and excessive energy consumption,
which makes them less popular [12].

The living organisms such as bacteria and fungi have a great potential for the
synthesis of metal NPs. Unlike chemical methods, there are no toxic effects on the
environment and the by-products generated are harmless [19]. One study has reported
the synthesis of copper nanoparticles, which involves the non-pathogenic bacterial
strainBacillus cereus [20] andPseudomonas stutzeri [21]. Bothmicroorganisms give
spherical NPs. Synthesis of bimodal sized CuNPs from inexpensive oxidized copper
salts by an extracellular metal-reduction process using anaerobic Thermoanaerobac-
ter bacteria is possible. The outcomewere well-suspended, bimodal colloidal CuNPs
(70–150 and 5–10 nm) [22].

Plant extracts are also useful to synthesize CuNPs by usingGarcinia mangostana
and Plantago asiatica leaf extract as reducing agent [23, 24]. The preparation of
Copper oxide nanoparticles (CuONPs) with spherical shape by a green route using
black bean is possible [25]. The aqueous extract of Thymus vulgaris L. leaves can
function as reducing and capping agent for CuONPs [26].

The synthesis of CuNPs in the presence of polymers as stabilizers is well studied.
Chitosan, starch and cellulose stabilize the CuNPs and prevent their coagulation and
oxidation [11]. Native cyclodextrins can function as stabilizer for CuNPs as well.
The size of the CuNPs depends on the type of native cyclodextrin [27].

24.3 Mechanisms of Antibacterial Action

In the literature, many explanations of CuNPs against microorganisms are available.
The antimicrobial effect of CuNPs is due to the release of copper ions [28]. Cu2+

ions are also small enough to disrupt bacteria cell membranes and gain entry in order
to disrupt enzyme function. Additionally it has indirect effects through changes in
the surrounding charge environment of microorganisms. However, copper ions and
copper compounds can be toxic to microorganisms, humans and the environment.
Combining polymers with CuNPs decrease their toxicity because polymers form a
reservoir for the Cu ions [29, 30].
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NPs cause more damage on the bacterial cells, because Cu ions may form ROS
on the surface in the presence of various amine functional groups originating from
biological molecules [28, 31]. After entering into the cell, NPs may bind with DNA
molecules and damage the helical structure by cross-linking within and between
the nucleic acid strands. Copper ions inside bacterial cells also disrupt biochemi-
cal processes [32]. Moreover, copper ions have the facility to form chelates with
biomolecules, which may cause functional protein inactivation [33].

Some studies assumed that NPs can diffuse across the membrane directly when
the size is small enough [33]. Meanwhile, ion channels and transporter proteins pass
NPs to cross the plasma membrane. Some NPs enter cells via “endocytosis”: the
membrane surrounds them, and vesicles transport NPs into cells [33]. Intracellular
ROS influence inducedbyCuNPs takes place.NPs candirectly interactwith oxidative
organelles such as mitochondria, redox active proteins stimulate ROS production in
cells, and ions produced by NPs can induce ROS by various chemical reactions. ROS
can induce DNA strand breakage, and affect gene expression.

The action of CuNPs mainly originates from the direct interaction of Cu2+ species
with the cell components. Cu2+ is reduced to Cu+ by the cell components and is
mainly responsible for the inactivation of bacteria [34]. In other studies, copper
nanoparticles were described acting as effective antibacterial agent against the wide
range of bacterial species due to interactions with phosphorous and –SH groups
leading to DNA and protein denaturation [35, 36]. Overall, smaller particle size
leads to better antimicrobial action [30, 37].

24.4 Cu and Cu Salts Nanoparticles as Antimicrobial Agent

24.4.1 Cu Nanoparticles

CuNPs have promising applications in wound healing due to their high biological
activity [38]. They exert antimicrobial effects on a wide range of microorganisms
includingpathogenic bacteria. Thebactericidal effect ofCuNPswere comparedbased
on diameter of the zone of inhibition (ZOI) in disk diffusion tests and minimum
inhibitory concentration (MIC) and minimum bactericidal concentration (MBC) of
nanoparticles dispersed in batch cultures. CuNPs have a broad-spectrum antibac-
terial effect on both Gram-positive and Gram-negative bacteria. The antimicrobial
properties of copper nanoparticles against Escherichia coli, Bacillus subtilis and
Staphylococcus aureus were screened [35]. An oxide layer formed on the CuNPs,
which increased antimicrobial activity towards B. subtilis [35]. The antibacterial
activity of CuNPs produced by inert gas condensation method [39] against E. coli
resulted in the formation of cavities in the bacterial cell wall [39].

CuNPs synthesized by using Tween 80 for the reduction of copper acetate hydrate
and refluxing between 190 and 200 °C [40] showed more inhibitory activity against
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bacteria than in case of fungi. The ZOI for E. coli (26 mm) was larger than for C.
albicans (23 mm) [40].

CuNPs synthesis using microwave in the absence of any stabilizing agent has
been reported [41]. The reaction in basic ethanol solution needs ascorbic acid as
reducing reagent. The disk diffusion tests showed an interesting antibacterial activity
against both Gram-positive and Gram-negative bacteria. The authors suggested that
the CuNPs can be used for the treatment of leather [41]. The effect of precursors
and reducing agents on the shape and size of CuNPs are important factors [18]. The
CuNPs with different shape, size and with strong antimicrobial activity have high
potential application in the field of biomedical and food packaging industries [18].

The anti-biofilm activity of CuNPs against P. aeruginosa allows its use as coat-
ing agents on surgical devices and medical implants to manage biofilm associated
infections. A maximum of 94% biofilm inhibition against a P. aeruginosa biofilm
was reported [42].

In addition to chemical means of CuNPs production, researchers also utilized
physical methods. The wire electric explosion method resulted in CuNPs with sizes
between 50 and 100 nm. The influence of physicochemical properties such as particle
size and storage ofCuNPs upon their toxicity to bacteriawere investigated [43]. Itwas
determined that small NPs displayed more antimicrobial activity. Additionally, the
suspensions storage time was an important factor altering antimicrobial properties
of small nanoparticle suspensions. For CuNPs of 50 nm, toxicity decreased after
24-h storage, while suspensions of larger CuNPs above 100 nm displayed no such
dependence [43].

The influence of the synthesis conditions on size, aggregation status and charge
of nanoparticles in aqueous solutions, as well as the resulting antibacterial prop-
erties of water suspensions of CuNPs towards the different strains of bacteria are
interdependent. Water dispersions of CuNPs inhibited the growth of test cells for
bacteria. The use of deeply purified water and alcohol-containing stabilizers in the
synthesis of nanoparticles viametals electric erosion prevents the CuNPs coagulation
and significantly influences their physicochemical characteristics and, consequently,
antibacterial properties. The increase of toxic effect is inversely correlated to par-
ticle size and aggregation degree of the synthesized dispersions. The particles with
less size have better migration activity and increase the impact on the cell by easier
penetration [44].

The use of plant extracts for the synthesis of nanoparticles is one form of green
technology. The synthesis ofCuNPs by usingMagnolia kobus leaf extract as reducing
agent is successful. These biologically synthesized CuNPs exerted high antibacte-
rial activity against E. coli. The inhibition is inversely proportional to the average
nanoparticle sizes [45].

The preparation of CuNPs by using citrus juice demonstrated a significant
inhibitory action against E. coli followed by K. pneumoniae, P. aeruginosa, Propi-
onibacterium acnes and S. typhi. The plant pathogenic fungi in the same study lead
to high inhibition [46]. CuNPs synthesized by Garcinia mangostana leaf extract as
reducing agent with copper nitrate as starting material are highly active against E.
coli and S. aureus [23].
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The methods of synthesis of the above CuNPs together with their antibacterial
activity are summarized in Table 24.1.

24.4.2 CuO Nanoparticles

Various CuONPs are potential antimicrobial agents. The synthesis by thermal plasma
technology resulted in CuONPs, which showed activity against a range of bacterial
pathogens, including methicillin-resistant S. aureus (MRSA) and E. coli. Incorpora-
tion of nanoparticles into polymers is required for ideal inhibition [28].

Electrochemical reduction is another method for the preparation of CuONPs [47]
and depends on using tetrabutyl-ammoniumbromide as structure directing agent. The
reduction process takes place under an inert atmosphere of nitrogen. Such nanopar-
ticles are prepared using a simple electrolysis cell in which the sacrificial anode is a
commercially available copper metal sheet, while the platinum sheet is the cathode.
The influence of the parameters such as current density, solvent polarity, distance
between electrodes, and concentration of stabilizers on the particles size are relevant.
The nanoparticles proved against the human pathogens like E. coli and Staphylococ-
cus strains excellent antibacterial activity [47].

The preparation of CuONPs by a gel combustion method [48] is possible with a
mixture of cupric nitrate trihydrate and citric acid and heating until a gel forms. The
gel leads at 200 °C to an amorphous powder, which was further annealed at differ-
ent temperatures to obtain different sizes of CuO nanoparticles. CuONPs exhibited
inhibitory effects against bothGram-positive andGram-negative pathogens.The tem-
perature affected the particles size and consequently its antibacterial activity [48].
CuO is effective as antibacterial agent against multidrug resistant biofilm forming
bacteria (anti-biofilm and time-kill-assay). The CuO displayed maximum antibac-
terial activity against methicillin resistant S. aureus (MRSA) followed by E. coli.
CuONPs have high potential of absorption, adsorption, penetration and availabil-
ity, which make them an essential antibiofilm agent [49]. The nanoparticles formed
were highly pure and showed excellent antimicrobial activity against various bacte-
rial strains [50].

Polymers such as polyethylene glycol (PEG) are useful for the production of
differently shaped copper oxide nanomaterials with simple, reproducible chemical
and hydrothermal methods [51]. There is an influence of PEG on the morphological
control. The prepared nanomaterials exhibited new types of surface morphologies
such as rice grain-like, needle-like and plate-like. The shape effect on anti-bacterial
property of the prepared CuO formed was evaluated against two Gram-positive bac-
teria as well as against the Gram-negative. Among three CuO nanostructures, the
plate-like CuO displayed more powerful antibacterial activity than grain or needle
shaped CuO [51].

Another approach for the synthesis of CuONPs includes copper nitrate as starting
material and L-tryptophan as a capping agent [34]. The generation of free radi-
cals by CuO lead to toxicity towards E. coli. [34]. CuONPs are also important for
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Table 24.1 Synthesis of CuNPs and their antimicrobial activity

Precursor Method of
synthesis

Size and shape Antimicrobial
activity

Ref.

Nitrate salt of
copper

Chemical reduction
involving NaBH4
as reducing agent

Spherical
(6–16 nm)

Most active against
B. subtilis.MIC
(μg/mL) for E.
coli: 140; B.
subtilis: 20; S.
aureus: 140

[35]

Pure copper metal Inert gas
condensation
method

Agglomerated in
clusters (12 nm)

Antibacterial
activity against E.
coli at
concentration of
60 μg Cu0/mL and
above with 100%
inhibition

[39]

Copper acetate
hydrate

Reduction using
Tween 80

Not mentioned Highest activity
against E. coli and
C. albicans. ZOI
for E. coli
(26 mm); C.
albicans (23 mm)

[40]

Copper acetate
hydrate and copper
nitrate hydrate

Microwave
irradiation using
ascorbic acid and
NaOH in ethanol

7 nm ZOI for S. aureus
(5.55 mm), E. coli
(2.6 mm), B.
subtilis (2.8 mm)

[41]

Copper acetate,
copper chloride and
copper sulfate

Reduction using
NaOH and ascorbic
acid

Various sizes and
shapes

E. coli: ZOI for
CuNPs/NaOH:
12.0–12.5 mm and
for CuNPs/ascorbic
acid:
10.5–11.8 mm.
L. monocytogenes:
ZOI for
CuNPs/NaOH:
14.8–18.5 mm and
for CuNPs/ascorbic
acid: 11.7–13.6 mm

[18]

Copper sulfate Thermal
decomposition

Average size:
55 nm and
spherical

Inhibition of
clinical isolates of
P. aeruginosa
biofilm at
100 ng/ml
concentration.
Maximum biofilm
inhibitions between
64 and 91%

[42]

(continued)
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Table 24.1 (continued)

Precursor Method of
synthesis

Size and shape Antimicrobial
activity

Ref.

Not mentioned Wire electric
explosion in argon
medium with
addition of H2

50 nm and 100 nm MIC for E. coli for
physiological
solution: 4 mg/L
for the freshly
prepared
suspension and
5 mg/L for the 24-h
suspension.
MIC for E. coli for
fresh water
solution:
0.25 mg/L, and
2 mg/L for 24-h
suspension

[43]

Copper cathode Electric erosion of
copper cathodes

Spherical with
average sizes of 38,
29 and 20 nm

ZOI for E. coli
(4.2 mm), P.
aeruginosa
(3.0 mm), S. aureus
(3.1 mm) and for B.
cereus (only under
the disc)

[44]

Copper sulfate Magnolia kobus
leaf extract

37–110 nm E. coli:
antibacterial
activity highest at
the leaf broth
concentration of
15% achieving
antibacterial
activities of 40, 95
and 99% inhibition

[45]

Copper sulfate Fruit juice of C.
medica Linn.

10–60 nm Active against E.
coli (ZOI:26 mm),
K. pneumonia
(ZOI:23 mm), P.
aeruginosa
(ZOI:22 mm), P.
acnes
(ZOI:21 mm), S.
typhi (ZOI:20 mm
and the plant
pathogenic fungi F.
culmorum
(ZOI:33 mm)

[46]

(continued)
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Table 24.1 (continued)

Precursor Method of
synthesis

Size and shape Antimicrobial
activity

Ref.

Copper nitrate Garcinia
mangostana leaf
extract as reducing
agent

Spherical and
agglomerated
(20–25 nm)

Active against E.
coli and S. aureus
at concentrations of
0.2, 0.4, 0.6, 0.8
and 1.0 μg/mL.
Most active against
S. aureus. ZOI for
E. coli (0.8 μ/mL):
1.3 mm; (0.8
μ/mL) S. aureus:
1.7 mm

[23]

wound healing [52]. They were prepared and subsequently deposited onto the sur-
face of the cotton fibers by ultrasonic irradiation. These nanoparticles are physically
adsorbed onto the cotton fiber surface. The CuO cotton fiber nanocomposites show
high antimicrobial activity [52].

The thermal decomposition method results in CuONPs as well [53]. CuONPs
have high antioxidant and antibacterial activity. Their bactericidal effect against E.
coli and P. aeruginosa is well documented [53]. Another method for CuONPs called
“colloid-thermal green synthesis” is eco-friendly due to using extract of gum karaya
as reducing agent. The synthesized CuONPs have antibacterial activity against E.
coli and S. aureus. The increase in precursor concentration affects the particle size
and the morphology of synthesized CuO nanoparticles [54].

Another green synthesis of CuONPs is possible by using tea leaf and coffee pow-
der extracts under microwave irradiation [55]. These nanoparticles possess notable
antibacterial activity against human pathogens [55]. The Tabernaemontana divari-
cate leaves resulted in highly stable, spherical CuONPs. Antimicrobial activity of
NPs showed maximum ZOI against the urinary tract pathogen E. coli [56].

The preparation of CuO nanocrystals by the wet chemical method [57] is success-
ful with copper acetate and hexamethylenetetramine as precursors. The antibacterial
study was carried out against E. coli. TEM analysis reveals that CuO nanocrystals
caused disturbance to the cell wall, which led to the irreversible damage to the cell
envelope finally leading to cell death [57].

Antibacterial activity depends on the shape of NPs shape. Antibacterial test
showed that the spherical shaped CuONPs inhibited Gram-positive bacteria and the
sheet shaped were more active on Gram-negative bacteria [58].

Table 24.2 lists briefly the methods of synthesis of the above CuONPs together
with their antibacterial activity.
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Table 24.2 Synthesis of CuONPs and their antimicrobial activity

Precursor Method of
synthesis

Size and shape Antimicrobial
activity

Ref.

Not mentioned Thermal plasma
technology

22.4–94.8 nm MRSA and E. coli:
MIC ranging from
100 μg/mL to
5000 μg/mL

[28]

Copper sheet Electrochemical
reduction

5–10 nm and
spherical

ZOI for E. coli: 5
and 9 mm for 50
and 100 μL, and
for Staphylococcus
strains: 12 and
16 mm for 50 and
100 μL

[47]

Copper nitrate
trihydrate

Gel combustion 20 nm MIC varies
according to the
temperature the
CuO NPs were
annealed. E. coli:
20–65 μg/mL; P.
aeruginosa:
28–55 μg/mL; B.
subtilis:
30–70 μg/mL; S.
aureus:
25–75 μg/mL

[48]

Copper acetate Chemical reduction
(NaOH as reducing
agent)

23 nm Highest effect
against E. coli
(MIC
31.25 μg/mL) and
E. faecalis (MIC
31.25 μg/mL)

[50]

Copper nitrate
trihydrate

Reduction with
polyethylene glycol
and NaOH

Rice grain-like,
needle-like and
plate-like

E. coli (MIC
6.25 μg/mL) and S.
iniae (MIC
3.125 μg/mL)

[51]

Copper nitrate Reduction with
NaOH and using
L-tryptophan as
capping agent

Well separated and
uniformly
distributed

MIC value of E.
coli for CuO and
Cu2O were found
as 0.1 mM and
0.05 mM
respectively

[34]

(continued)
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Table 24.2 (continued)

Precursor Method of
synthesis

Size and shape Antimicrobial
activity

Ref.

Copper sulfate Deposition of CuO
nanoparticles onto
the cotton fibers via
the ultrasound
irradiation of metal
hydroxide

10–15 nm The cotton fibers
were clear and
show no bacterial
growth for
CuO-coated cotton
with 100%
inhibition of E. coli
and S. aureus

[52]

Copper sulfate Direct thermal
decomposition

15–30 nm and
nearly spherical

Various
concentrations of
nano CuO (1, 2.5
and 4 mg/mL) were
effective against E.
coli (Optical
density at 600 nm
OD 0.9 for
1 mg/mL;
inhibition starts
after 9 h), P.
aeruginosa (OD
0.5 for 4 mg/mL;
inhibition starts
after 9 h), S. aureus
(OD 1.2 for
2.5 mg/mL;
inhibition starts
after 4 h) and B.
circulens (OD 0.5
for 4 mg/mL;
inhibition starts
after 9 h)

[53]

Copper chloride Colloid-thermal
synthesis process
using gum karaya

4.8 ± 1.6 nm and
7.8 ± 2.3 nm

MIC: 103.5 ±
4.71 μg/mL for E.
coli and 120.4 ±
8.16 μg/mL for S.
aureus

[54]

Copper nitrate Microwave assisted
reduction using tea
leaf as reducing
agent

50–100 nm and
spherical

ZOI: Shigella
dysenteriae
(6–12 mm); Vibrio
cholerae
(6–12 mm); S.
pneumoniae
(6–10.5 mm); S.
aureus (7–12 mm)

[55]

(continued)
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Table 24.2 (continued)

Precursor Method of
synthesis

Size and shape Antimicrobial
activity

Ref.

Copper sulphate Reduction using
Tabernaemontana
leaf extract

48 ± 4 nm and
spherical

ZOI observed in E.
coli at a
concentration of
25 μg/mL: 17 ±
1 mm

[56]

Copper acetate Chemical reduction
using hexam-
ethylenetetramine

6.0 ± 0.5 nm E. coli: MIC
2.5 μg/mL

[57]

Copper acetate
Copper nitrate

Co-precipitation
with NaOH acting
as stabilizing
compound

Spherical (35 ±
5.6 nm) and sheet
shaped (257.12 ±
13.6 nm)

Nanosphericals: B.
subtilis (MIC 0.22
± 0.0028 mg/mL)
and M. luteus (MIC
0.20 ±
0.010 mg/mL)
Nanosheets: E. coli
(MIC 0.20 ±
0.05 mg/mL) and P.
vulgaris (MIC 0.16
± 0 mg/mL)

[58]

24.4.3 Halide and Sulfide Salts of Copper Nanoparticles

Copper iodide nanoparticles (CuINPs) were synthesized by co-precipitation method
to produce NPs with an average size of 8 nm [31]. They are able to kill both Gram-
positive and Gram-negative bacteria. Among the bacteria tested, E. coli DH5α is
more sensitive and B. subtilis is more resistant to CuINPs. They have the ability to
produce reactive oxygen species (ROS)which causes damage onDNA in bothGram-
positive and Gram-negative bacteria. Consequently, the suppression of transcription
takes place as revealed by reporter gene assay. Furthermore, they induce membrane
damage as determined by atomic force microscopy (AFM). Thus, production of
ROS and membrane damage are major mechanisms of the bactericidal activity of
the CuINPs [31].

Another study aimed to investigate the incorporation of polyacrylic acid (PAA)
coated CuINPs as dental adhesives [59]. Significantly greater antibacterial properties
were demonstrated for PAA-CuI containing adhesives. A reduction in Streptococcus
mutans viable cell count resulted. The authors assumed that PAA-CuI NPs are an
effective additive to adhesive blends as it renders them antibacterial [58]. Moreover,
PAA-coated CuINPs were incorporated into the glass ionomer matrix [60]. The use
of copper-doped glass ionomer based materials under composite restorations con-
tribute to an increased longevity of adhesive restorations because of their enhanced
antibacterial properties [60].

Copper sulfide nanoparticles (CuSNPs) have been emerging as a promising plat-
form for photothermal cancer therapy, bio-molecular sensing andmolecular imaging.
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The antibacterial activity of the nanoparticles in infected zebrafishwas evaluated [61].
CuSNPs exhibit very good antibacterial activity against Gram-positive and Gram-
negative bacteria. A bacterial colony count test proved that the CuSNPs depleted the
infectious bacteria from the fish body within 24 h. Moreover, the NPs exhibited good
hemo-compatibility with human red blood cells [61].

The green synthesis of CuSNPs is possible by using the culture supernatant of
Serratia nematodiphila for reduction of copper sulfate into CuSNPs [62]. The CuS-
NPs were 9 to 20 nm in size. Antibacterial activity of CuSNPs against urinary tract
infection (UTI) pathogens such as E. coli, S. aureus, P. vulgaris and K. pneumo-
niae. CuSNPs showed good bactericidal properties against the UTI after completing
successful clinical trials [62].

24.4.4 Cu-Based Nanoparticles with Antimicrobial Activity

24.4.4.1 CuNPs with Polymers

Antimicrobial metals added into a polymer can lead to composite materials. This
method depends on both the final application and the polymer matrix used. Metals
can be either incorporated on the surface of a polymer or embedded into the matrix
[63].

The use of polymers for developing nanocomposites with antimicrobial activity
does not only involve a supporting role for nanoparticles, but can also enhance the
antibacterial performance of nanocomposites. This behavior is related mainly to
three explanations. First, the synergy between the polymer and copper nanoparticles
that increases the antibacterial capacity of the material (nanocomposite). Second, the
polymers ability for long-term ion release, thus prolonging the antibacterial activity
of nanocomposite. Third, the influence of increasing the surface area, associated with
the fine dispersion of copper nanoparticles in the polymer, on the level of antibacterial
activity [29].

Two general approaches can be distinguished for the preparation of polymer/metal
nanocomposites depending on where the nanoparticles are prepared. The first one is
in situ by using the polymer matrix as the reaction medium. The second one is ex
situ, by synthesizing the particle and then incorporating it into the polymer with just
the dispersion medium as matrix [63].

Cellulose is a natural polymer and works well together with CuNPs. Regenerated
cellulose (RC)filmswere used to coatCuNPs via the chemical reductionmethod [64].
CuNPs were firmly embedded on the surface of the RC films. The RC films coated
with Cu nanoparticles showed efficient antibacterial activity against S. aureus and
E. coli [64]. Natural cellulose from cotton needs first conversion into carboxymethyl
derivatives before loading CuNPs onto the cotton fibers. They have antibacterial
activity against the multi-drug resistant pathogen Acinetobacter baumannii [10].

Another group regenerated cellulose from Acetobacter xylinum bacteria [65].
CuNPswere successfully loaded into this cellulosematrix and the cellulose-Cumem-
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branes exhibited homogeneous structure. These membranes exhibited a significant
antibacterial activity influenced by the CuNPs content. The authors recommended
that these membranes might have a great potential for use in the wound dressing and
other biomedical areas [65].

Another study reported the comparison between cellulose from Acetobacter
xylinum and cellulose from plant origin. Two cellulose matrices (vegetable and bac-
terial) formed nanocomposites with copper nanoparticles and nanowires [66]. The
inhibitory effect of these nanocomposites against S. aureus and K. pneumoniae indi-
cate that the chemical nature and morphology of the nanocomposites have great
influence on the antibacterial action. The increase in antibacterial activity is directly
related to the increase of copper content in the composites. The cellulosic matrices
also show an effect on the antibacterial efficiency of the nanocomposites, with vege-
tal cellulose fibers acting as the most effective substrate. These nanocomposites have
a potential application in packaging or paper coatings [66].

In order to develop the cellulose antimicrobial properties, a hybrid cellulose mate-
rial was synthesized using 2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO). In partic-
ular, wood celluloses can convert to individual nanofibers 3–4 nm wide with several
microns length by TEMPO-mediated oxidation and successive mild disintegration
in water [66]. The synthesis of CuNPs involves chemical reduction by sodium boro-
hydride on the TEMPO nanofibrillated cellulose (TNFC) template. The resulting
nano-material is embedded into a polyvinyl alcohol (PVA) matrix. The incorpo-
ration of hybrid TNFC-copper nanoparticles within PAV matrix gives films with
antimicrobial properties. The morphology of TNFC-copper nanoparticles confirmed
spherical CuNPs with an average size of 9.2 nm. The exposure to nonpathogenic E.
coli DH5α on the nanocomposite films causes microbial reduction [67].

An in situ rapid one-pot synthesis of spherical CuNPs incorporated into cellulose
network in a water-based solvent system is another method [68]. The polycrystalline
CuNPs of 200–500 nm were well distributed in the regenerated cellulose matrix.
The antimicrobial testing resulted in a successful growth inhibition of E. coli and S.
aureus strains by 80% and 95%, respectively [68].

The green synthesis of CuNPs and cellulose matrix by Terminalia catappa [69]
andOcimum sanctum leaf extracts [70] as reducing agent delivers good results. These
nanocomposites are suitable for food packaging due to their antimicrobial activities.

The production of antimicrobial textile nanocomposite by in situ synthesis of Cu-
based nanoparticles on cotton fabrics modified with different polycarboxylic acids
is available. Treated cotton fabric had excellent antibacterial activity by inhibiting
99.9% of E. coli and S. aureus [71].

Chitosan is a naturally occurring polymer and has a widespread use in many fields
of medical applications. Incorporation of chitosan with CuNPs to form nanocom-
posites is well known. These nanocomposites have high antibacterial activity against
MRSA andmultidrug resistantE. coli clinical isolates. CuNPs can be synthesized via
chemical reduction method using ginger (Zingiber officinale) extract and L-ascorbic
acid. The NPs with chitosan were more active against MRSA strains and have lower
antibacterial activity against E. coli in comparison with pure CuNPs [72].
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Microwave heating technique leads to the formation of chitosan/copper nanocom-
posite [73]. The antimicrobial effects of the nanocomposite against S. aureus and
Salmonella enterica were tested. The composite film was effective in the alteration
of the cell wall and reduction of microbial concentration in the liquid culture for both
bacteria tested [73]. This nanocomposite can be prepared by an approach based on
femto second laser ablation in aqueous solution giving stable nanocomposite [74].

Molecular iodine stabilizes the copper/chitosan nanoparticles [75]. The NPs were
unstable in atmospheric conditions leading to the formation of oxides of Cu.Addition
of molecular iodine to the medium following the synthesis step results in stable NPs.
Antibacterial activity screenings on E. coli and B. cereus resulted in lowMIC values
for CuNPs. The iodinated chitosan-CuNPs composite attaches to the bacterial cell
wall causing destruction to the membrane and eventually leading to cell death [75].

Some studies used synthetic polymers such as polyethylene to support the NPs.
Polyethylenemodifiedwith copper nanoparticles (PE-CuNPs) have been investigated
against Listeria monocytogenes (L. monocytogenes)in order to clarify the antibacte-
rial mechanism and to determine the extent of release of Cu2+ [76]. CuNPs released
from the nanocomposites can penetrate into the cell wall and the plasma membrane
of bacteria. The antibacterial abilities of the nanocomposite against L. monocyto-
genes are associated with both bactericidal and bacteriolytic effects [76]. In a further
study, PE-CuNPs are effective against E. coli. PE-CuNPs completely suppressed the
number of live bacteria after 12 h incubation [77].

Starch was used with CuNPs to produce an antimicrobial nanocomposite as well
[30]. Water soluble monodisperse CuNPs of about 10 nm diameter were prepared by
microwave irradiation using starch as green capping agent. The resulting Cu–starch
conjugate solution exhibited excellent bactericidal action against S. aureus, E. coli
and S. typhi. In addition, these nanocomposites exhibit also lower toxicity than copper
ions [30].

Alginate is a naturally occurring polymer and stabilizes CuNPs. The CuNPs-
alginate compositewas prepared viamicrowave irradiation and is an effective antimi-
crobial agent [78]. Calcium alginate impregnated on cotton fabric loadedwithCuNPs
was effective against E. coli [79].

Polyvinylalcohol (PVA) is a water soluble synthetic polymer. PVA cryogel–cop-
per nanocomposites were prepared. The gelation of PVA is possible through the
freeze–thaw method. An aqueous solution of PVA is frozen at −20 °C and then
thawn back to room temperature repeating this processes several times. The physical
crosslinking of PVA chains by successive freezing–thawing cycles are able to form
crystallites by strong interchain hydrogen bonding. This offers large, free spaces
between the cross-linked networks in the swollen polymer that can act as nano-
reactors for the nucleation and growth of the CuNPs [80]. The PVA cryogel–cop-
per nanocomposites demonstrated significant antibacterial effects against E. coli, S.
aureus, P. aeruginosa, V. cholerae and B. subtilis. The biocompatibility test revealed
that the biocompatibility of the nanocomposite increases on increasing the concen-
tration of PVA. This nanocomposite is suitable for antimicrobial purposes such as
packaging, wound dressing and as antibacterial materials [80].
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Polyaniline, a synthetic polymer well known for its high conductivity, is a good
as dispersion medium of CuNPs leading to enhanced antimicrobial properties. The
synthesis of the nanocomposite by simple in situ polymerizationmethod is successful
[78]. The CuNPs are uniformly dispersed in the polymer and inhibit effectively E.
coli, S. aureus and C. albicans. The nanocomposite exhibits higher antimicrobial
activity than any component acting alone [81].

Hyaluronic acid (HA) is an essential component of the extracellular matrix of the
skin. HA doped with CuNPs was reported as an antibacterial active nanocomposite
[82]. Films of HA doped with NPs enhanced skin recovery and controlled bacterial
infections of wounds. The antibacterial results proved the activity against E. coli, S.
aureus, S. epidermidis and P. aeruginosa. Toxicological tests in rats showed no alter-
ations in hepatic parameters. These films may be useful promoters of skin recovery
for grades I and II cutaneous burns and as scaffolds [82].

Polyurethanes are biocompatible polymers with valuable properties. New bio-
logically active polyurethanes with copper nanoparticles were prepared [83]. The
polymer/NPsmatrix synthesis by electron beam evaporation technology and vacuum
deposition method confirms the uniform distribution of NPs in the polymer matrix.
Polyurethanes containingCu nanoparticles possess bactericidal/bacteriostatic effects
against bacteria, fungi and yeast-like fungi. The resulting biologically active metal-
containing polyurethane materials are valuable for medical purposes [83].

Another group prepared was copper metal and copper oxide nanoparticles in a
polypropylene matrix [84]. These composites possess strong antimicrobial behavior
against E. coli that depends on the contact time between the sample and the bacteria.
After just 4 h of contact, these samples were able to kill more than 95%of the bacteria
[84].

Sphere-shaped and monodispersed CuNP coated with poly(styrene-co-sulfonic
acid) was successfully synthesized by a green and facile synthesis method [85].
This monodispersing system showed excellent antibacterial properties against E.
coli and S. aureus [85]. CuNPs embedded in polylactic acid, merge the antibacterial
properties of copper nanoparticles with the biodegradability of the polymer matrix.
This nanocomposite showed activity against Pseudomonas species [86].

Themethods of synthesis of the above polymerCuNPs togetherwith their antibac-
terial activity are listed in Table 24.3.

24.4.4.2 CuNPs with Other Metals as Antimicrobial Agents

Besides the NPs of pure metals, bimetallic NPs have gained attention because they
exhibit better or different properties compared to pure, single-metal NPs [87]. More-
over, the change in compositional percentage of metals offers way for changing the
properties of bimetallic NPs according to the desired applications. Recent studies
reveal that Cu–Ag NPs possess better antibacterial activity than individual Cu or Ag
NPs against both Gram-negative and Gram-positive pathogens [87].

The synthesis of nanoparticles containing Ag/Cu in the form of bimetallic
nanoparticles (alloy and core-shell) as well as ionic species was reported [88].
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Table 24.3 Synthesis of polymer-CuNPsCuO NPs and their antimicrobial activity

Polymer used Method of
synthesis

Size and shape Antimicrobial
activity

Refs.

Regenerated
cellulose from
cotton

Chemical
reduction using
NaBH4 as
reducing agent and
CuSO4 as
precursor

Nanorod particles
about 60 nm
length and 25 nm
diameter

Active against S.
aureus and E. coli.
After 30 min. of
exposure the
bacterial
concentrations
showed 4-log
reduction in S.
aureus and 3-log
reduction in E.
coli when using
the Cu/cellulose
nanocomposite
film

[64]

Regenerated
cellulose from
bacteria

Chemical
reduction using
CuCl2 as
precursor

Cu element
distributed
uniformly in the
membrane

ZOI: S. aureus
(20–29 mm); B.
subtilis
(10.8–21.5 mm);
C. albicans
(19–29 mm); E.
coli
(14.3–20 mm); P.
aeruginosa
(10–16.2 mm)

[65]

TEMPO
nanofibrillated
cellulose (TNFC)

Chemical
reduction using
NaBH4 and
CuSO4 as
precursor

Spherical, around
9 nm

Reduction of E.
coli increased on
1-week exposure
to films containing
0.4, 0.5, and 0.6%
of CuNPs. PVA
film containing
copper content of
0.6 wt% resulted
in 5-log microbial
reduction in E.
coli DH5α

[67]

Cellulose
dissolving pulp

Chemical
reduction using
formaldehyde and
sodium hydroxide
as reducing agent
and CuSO4·5 H2O
as precursor

15–30 nm in size
and well
distributed in
cellulose

After 72 h, the
optical density
(OD) remained the
same in E. coli
(0.32 OD), but
continued to
decline in S.
aureus (0.08 OD)

[68]

(continued)
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Table 24.3 (continued)

Polymer used Method of
synthesis

Size and shape Antimicrobial
activity

Refs.

Cellulose Green reduction
using Terminalia
catappa leaf
extract

10–60 nm ZOI: E. coli
(12 mm)

[69]

Cellulose Green reduction
using Ocimum
sanctum leaf
extract

Spherical
(60–70 nm)

ZOI: E. coli
(8 mm, 14 mm and
18 mm for
different
concentrations)

[70]

Cotton fibers In situ synthesis
and sodium
borohydride as a
reducing agent

Not mentioned Bacterial
reduction R:
99.9% for E. coli
ATCC 25922 and
S. aureus ATCC
25923 with
number of
bacterial colonies
CFU < 10

[71]

Chitosan Chemical
reduction using
ginger extract and
ascorbic acid and
copper acetate as
precursor

15–20 nm in size
and roundish
structures 770 ±
90 nm in size

100% inhibition
against MRSA and
E. coli strains in
concentration of
0.7 μg/ml

[72]

Chitosan Microwave oven
and Cu metal as
starting material

10.6 ± 1 nm Reduction of
microbial
concentration in
liquid culture
exposed to film: S.
aureus (3.3 × 106

cell/ml initial to
3.0 × 105 cells/ml
final
concentration) and
S. typhi (3.3 × 106

cell/ml initial to
1.8 × 105 cells/ml
final
concentration)

[73]

Chitosan Femto second
laser ablation

Not mentioned Growth inhibition
after 4 h contact at
104–105 cfu/mL
range against E.
coli

[74]

(continued)
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Table 24.3 (continued)

Polymer used Method of
synthesis

Size and shape Antimicrobial
activity

Refs.

Chitosan Chemical
reduction using
hydrazine as
reducing agent and
CuSO4 as
precursor

Spherical and
average diameters
8 ± 4 nm

MIC: E. coli
(130.8 μg/mL); B.
cereus
(165.13 μg/mL)

[75]

Polyethylene Chemical
reduction of
CuCl2 with
sodium
borohydride in the
presence of
sodium citrate

2–4 nm PE-CuNPs 5 wt%
result with the
highest viability of
60% after 10 h of
incubation time by
L. monocytogenes
[76] and 110% by
E. coli [77]

[76, 77]

Starch Microwave
irradiation and
copper nitrate as
starting agent

10 nm MIC: E. coli (1.6
± 0.22 μg/mL); S.
aureus (3.2 ±
0.41 μg/mL); S.
typhi (3.6 ±
0.43 μg/mL)

[30]

Alginate Microwave
heating, copper
nitrate and
ascorbic acid

3–10 nm ZOI: S. aureus
(12 mm); E. coli
(10 mm) and S.
enterica serovar
typhimurium
(12 mm)

[78]

PVA Chemical
reduction using
hydrazine

Average particle
size of around
20 nm

ZOI: E. coli
(~3 mm); S.
aureus
(~12.5 mm); P.
aeruginosa
(~23 mm); V.
cholerae
(~25 mm); B.
subtilis (~26 mm)

[80]

Polyaniline Oxidative
polymerization
with CuCl2·2H2O
as starting material

Uniformly
dispersed in the
polymer and
narrow size
distribution (6 nm)

100% cell
reduction of E.
coli, S. aureus, and
C. albicans for
concentrations of
nanocomposite (1,
2, 5, 10, and
20 ppm) by
Cu/PANI

[81]

(continued)
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Table 24.3 (continued)

Polymer used Method of
synthesis

Size and shape Antimicrobial
activity

Refs.

Hyaluronic acid Chemical liquid
deposition-
solvated metal
atom dispersion

13.33 nm MIC of
0.048 mg/mL for
E. coli, S. aureus,
S. epidermis and P.
aeruginosa

[82]

Polyurethane Deposition of the
vapor flow from
the vapor phase

Average particle
size: 52 nm

Bacteria, fungi
and yeast-like
fungi show growth
inhibition zones of
0–2 mm as highest
sensitivity against
Cu/Ag
(200/69 ppm)
combination

[83]

Polypropylene Use of a
Brabender plastic
order under a
nitrogen
atmosphere

Average size:
10 nm

E. coli: after 4 h of
contact reduction
of the bacterial
concentration by
PP/CuP 90% and
PP/CuOP 99%

[84]

Poly(styrene-co-
sulfonic
acid)

Glucose or NaBH4
and
Cu(NO3)·23H2Oas
starting material

Average diameter:
120 nm

MIC: E. coli
(2 g/L); S. aureus
(4 g/L)

[85]

Polylactic acid Pulsed laser
ablation in liquid

Spherical and
mean diameter of
36 ± 9 nm

Pseudomonas
species cell load
decreased to 6.0
Log CFU/mL in
CuNPs-C-PLA
compared to blank
sample PLA (7.4
Log CFU/mL)

[86]

These NPs impregnated in cotton-polyester textiles exhibited antimicrobial prop-
erties against E. coli, S. aureus, and C. albicans [88]. Microwave was used for the
preparation of bimetallic NPs of copper and silver using starch as stabilizing agent
and ascorbic acid as the reducing agent [89]. Another group has prepared these nano-
alloys through chemical co-reduction method. The metal salts dissolved in aqueous
solution with hydrazine hydrate as reducing agent in the presence of sodium citrate
as complexing agent and cysteine as stabilizer, prevented the oxidation of copper
[90]. Their antibacterial behavior against E. coli strains, revealed far better activity
compared to AgNPs nanoparticles [90].

Silver salts NPs with copper are valuable antimicrobial agents. The preparation
of silver sulfide (Ag2S) NPs doped with copper by simple chemical co-precipitation
method is possible [91]. The morphological study showed products of spherical
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shape with a diameter size of 30 nm. The antibacterial test revealed that the Cu
doped Ag2S nanoparticles have increased antibacterial performance compared with
un-doped Ag2S nanoparticles [91].

Zinc was reported as an antimicrobial agent in the literature as well as in com-
bination with Cu in the form of copper doped with zinc sulfide (Cu:ZnS). The NPs
are potential antibacterial agents. These NPs were prepared through a solvo-thermal
approach using mercapto-succinic acid and sodium citrate as differential capping
agents [92]. For the assessment of the antibacterial properties of Cu:ZnS nano sys-
tems, the disk diffusion assay was performed against both Gram-positive and Gram-
negative bacteria. There is promising antibacterial activity for the prepared Cu:ZnS,
with a noticeable activity of nanosystem synthesized with mercaptopropionic acid
making them a novel class of potential antibacterial agents [92].

24.4.4.3 CuNPs with Nanomaterials as Antimicrobial Agents

Many research groups have tested the antibacterial activity of metal nanoparticles
with other nanostructurematerials. Carbon nanotube (CNT) together with CuNPs are
antimicrobial agents [93]. Chemical reduction method followed by high energy ball
milling method was used for the preparation. The antimicrobial activity of Cu/CNTs
nanocomposite against Providencia species, Bacillus species and E. coli is high.
The findings indicate that this nanocomposite can stop bacterial growth [93]. Multi
wall carbon nanotubes (MWCNT) and copper nanocomposite were prepared by
using a reduction method. MWCNT/Cu nanocomposite killed 75% of E. coli. This
nanocomposite has uses in biomedical devices and antibacterial controlling systems
[94].

Antimicrobial applications of graphene with silver and copper NPs were inves-
tigated. Copper monometallic and Ag/Cu bimetallic NPs were grown in-situ on the
surface of graphene, synthesized by chemical vapor deposition [95]. The bimetallic
Ag/CuNP-graphene hybrids exhibit superior performance, achieving complete bac-
terial inhibition. This prominent performance is due to the synergistic action of the
combination of the two different metals that coexist on the surface as well as the
improving role of the graphene support [95]. Graphene was also incorporated with
copper salts. An antibacterial agent made from copper oxide nanoparticles loaded
onto the surfaces of graphene oxide sheets was reported [96]. The authors suggested
that this have great potential for managing crop diseases.

The Cu/Ag bimetal nanoparticles were carbonized with steam to produce porous
carbon beads doped with metal NPs [97]. The prepared bimetal (Cu and Ag) NPs-
doped beads exhibited significantly larger anti-bacterial activities than single-(Cu
or Ag) metal-doped beads for both Gram-positive S. aureus and Gram-negative E.
coli. The prepared bimetal beads remained effective for 120 h, completely inhibiting
the bacterial growth, and therefore, they are potential antibacterial agents for water
purification [97].
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24.4.4.4 CuNPs with Silica

Mixtures of silicone and copper NPs have powerful antimicrobial activities than
monometallic NPs. Silicon dioxide (SiO2) NPs were prepared as the core and CuNPs
as the shell [98]. The inhibition of E. coli is stronger than that of S. aureus and C.
albicans after 24 h incubation [98]. The antibacterial efficacy was evaluated against
B. subtilis. The authors suggested the enhancement of Cu bioavailability (i.e., more
soluble Cu) due to its core-shell design [99]. In order to obtain an antimicrobial gel, a
starch based hydrogel reinforced with silica coated CuNPs was developed and tested
against E. coli and S. aureus strains. The hydrogels maintained the antimicrobial
activity for at least four cycles of use. A dermal acute toxicity test showed that the
material could be considered as slightly irritant, showing its biocompatibility. This
silica-CuNP loaded hydrogel may show high possibility for applications in various
clinical fields, such as wound dressings and fillers [100].

24.4.4.5 CuNPs with Proteins and Amino Acids

Bovine serum albumin (BSA) is a widely studied protein. Amethod for the synthesis
of BSA and copper nanocomposite showed the formation of a well-dispersed hexag-
onal Cu-BSA composite [101]. The synthesized copper nanocomposites containing
BSA material exhibited good antibacterial potential against both Gram-positive and
Gram-negative bacterial strains. Transmission electron microscopy and cytoplasmic
leakage analysis revealed that the Cu-BSA composite attached to the bacteria causes
irreversible membrane injury leading to leak of intracellular metabolites and finally
death of the organism [101]. Another study reported a comparison of the antibacterial
properties of copper-amino acids chelates and CuNPs against E. coli, S. aureus and
E. faecalis. The preparation of copper-amino acids chelates by using a soybean aque-
ous extract is a valuable green method. Copper chelates have enhanced antimicrobial
activity against E. faecalis [102].

24.5 Conclusion

In the last few decades, the number of infectious diseases caused by different
pathogenic bacteria increased while resistance towards various types of antibiotics
accelerated. Therefore, finding new and more effective antibacterial agents became
a serious need for the survival of the human race.

Interest in inorganic and metallic nanoparticles as antimicrobial agents is now
over a decade old. Nanoparticles are even effective in very small amounts. A large
number of particles can be producedwith high surface area to volume ratio. Currently,
a broad variety of metals and their compounds are used in microbiological research
for their potential antimicrobial activity.
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Owing to their electrical, optical, and catalytic properties, copper nanoparticles
are widely used and have various medical, antifungal, and antibacterial applications.
Several mechanisms, including disruption of plasma membrane integrity caused by
lipid peroxidation and oxidative damage to DNA and protein, are directly related
to the antimicrobial activity of copper. In many cases, the production of ROS is
associated with the cell damage.

At low concentrations copper is a cofactor for metalloproteins and enzymes,
therefore, it has the advantage of low toxicity for animal cells when compared to
other metals. In addition, copper is inexpensive in relation to other metals with
antibacterial properties such as silver.

Different polymers are useful as matrices to support copper nanoparticles and
generate composite materials with antimicrobial properties. The use of polymers
for developing nanocomposites with antimicrobial activity does not only provide a
supporting function for nanoparticles, but can also enhance the antibacterial perfor-
mance of nanocomposites. The preparation of hybrid composites based on copper
nanoparticles-cellulose has generated a large number of materials with antibacterial
activity.
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Chapter 25
Modification of QuEChERS Method
for Acidic Pesticide (Imidacloprid)
in Citrus Fruit and Some Processed
Citrus Juices Using Ultra Performance
Liquid Chromatography Coupled
with a Triple Quad Detector
(UPLC-TQD)

Michael J. Klink, Thembi Mphiwa, Ikechukwu P. Ejidike,
Vusumzi E. Pakade, Neelan Laloo and Fanyana M. Mtunzi

Abstract The drive to expand food production to feed the ever increasing popula-
tion in the face of plant diseases, insects damaging crops and/or causing diseases
and harsh weather conditions, makes it difficult for farmers to maintain the levels
of demand for satisfying markets the world over. Use of agrochemicals becomes
the favored choice for farmers to mitigate these agricultural challenges. Food test-
ing laboratories have to keep up with techniques to measure low levels of various
agrochemical residues in a variety of crops. This study aims to adjust or modify
the QuEChERS (quick, easy, cheap, effective, rugged and safe) method to improve
recovery of analytes including Imidacloprid pesticide. The study also aims to evalu-
ate the effect of Primary Secondary Amine (PSA) in the sample extraction steps of
QuEChERSmethod towards the extraction of Imidacloprid. Different citrus samples
(oranges, grapefruit, lemons, clementines, satsuma, 50% orange juice, 100% orange
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juice and 100% grapefruit juice) were extracted using the QuEChERSmethod proto-
col and the QuEChERS method without PSA. The results were satisfactory for both
the methods used. Imidacloprid was found to favor the basic environment created by
the use of PSA during the cleanup step.

Keywords QuEChERS method · Pesticide · Imidacloprid · Citrus · Primary
secondary amines

25.1 Introduction

The citrus industry is the third largest after deciduous trees and vegetables in South
Africa and contributes about 19% of the total gross value of the country. The citrus
fruit industry comprises of four broad categories, namely oranges, easy peelers (soft
citrus), grapefruit, lemons and limes [1]. The South African citrus industry is orien-
tated towards the production of fresh fruits which need to have a high level of “eye
appeal”. Production districts are widely spread across the country with climate pro-
files ranging from Mediterranean in the Western Cape and subtropical in KwaZulu
Natal, North and East Gauteng [2]. The evaluation of quality and food safety aspects
of citrus is of great importance to the citrus growers and consumers of citrus and it is
also imperative for international trade in this commodity. Citrus fruit has long been
valued as part of a nutritious and tasty diet. It is the most common source of vitamin
C but it also contains essential nutrients including potassium, calcium, copper and
vitamin B6 [3].

South Africa is one of the few countries in which native red scale insects have
attacked the citrus orchards. It is thought to originate from South China and it is a
severe pest for citrus in South Africa. They are found on all parts of the plant but
are most noticeable on the fruit. The effect of red scale on an orange may cause dis-
coloration, shoot distortion and leaf drop. The fruit may become pitted, unattractive
and unmarketable. When red scale is dense on the tree it kills all parts or branches
within the tree [3]. Historical records indicate that the spraying program for citrus in
South Africa was implemented between 1945 and 1946. Organophosphate insecti-
cides (Parathion and Chlorpyrifos) were used for control of red scale. This led to the
development of resistance to organophosphates by red scale. The citrus growers were
then forced to adopt an integrated spray program as quickly as possible. Mixtures
of insect growth regulators (pesticides) plus oil have emerged as treatments for red
scale control [4].

In order to prevent and control the effect of the red scale insects on citrus fruit,
spray programs containing Imidacloprid, an acidic pesticide, and other growth regu-
lators are used. Imidacloprid is a systemic chloronicotinyl insecticide which belongs
to a class of chemicals called neonicotinoid. The high insecticidal activity of Imi-
dacloprid works by binding to the nicotinergic acetylcholine receptor in the insect
nervous system, which interferes with chemical signal transmission in the stimuli.
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The blockage leads to the accumulation of a neurotransmitter, acetylcholine, resulting
in excitation, paralysis and eventually death [5, 6].

Food testing laboratories have to keep up with techniques to measure low levels
of various agrochemical residues in a variety of crops. Chemists working at the US
Department of Agriculture in 2003 introduced a technique of QuEChERS that was
simple and built on extraction techniques of the past, and yet effectively isolated
trace pesticides from a variety of fruits and vegetables. The technique of QuECh-
ERS (quick, easy, cheap, effective, rugged and safe, and pronounced ‘catchers’) was
developed by Lehotay et al. [6]. The method uses MgSO4 and NaCl for salting out
extraction/partitioning and dispersive solid-phase extraction (d-SPE) for clean-up.
With this approach, unlike the previous methods developed for traditional chromato-
graphic detection systems (e.g. UV/Vis absorbance, fluorescence, element selective
detectors), the QuEChERS approach takes advantage of the wide analytical scope
and high degree of selectivity and sensitivity provided by gas and liquid chromatog-
raphy (GC and LC) coupled to mass spectrometry (MS) for detection. Only a few
pesticides were problematic with the approach [7, 8].

In 2010 the QuEChERS method was amended by Lehotay et al. [6], such that
for fruits and vegetables, the samples are homogenized and the comminuted sample
is extracted with MgSO4, NaCl, trisodium citrate dehydrate and disodium hydro-
gen citrate sesquihydrate using acetonitrile as the extraction solvent and dispersive
solid-phase extraction (d-SPE) for clean-up [7, 9]. According to Akoijam et al. [10],
the samples were extracted with acetonitrile, cleaned up by treatment with primary
secondary amine sorbent and graphitized carbon. Lehotay andAnastassiades empha-
sised that QuEChERS uses aliquots with internal standard for analysis instead of the
multiple liquid–liquid partitioning steps and isolation of the entire extract performed
in traditional methods [9–11].

In older methods developed previously, to extend the analytical polarity range to
cover organochlorines, organophosphates and organonitrogen in a single procedure,
acetone rather than acetonitrile was used for the initial extraction [7]. Even though
acetone is readily miscible with water, the separation of water from this solvent is
impossible without the use of non-polar solvents. On the other hand, ethyl acetate
is only partially miscible with water, which necessitates excessive addition of non-
polar solvents to separate it from water. However, the highly polar pesticides do not
separate in it. Unlike traditional methods, the QuEChERS method does not entail a
solvent evaporation step to further concentrate the analytes in the final extract prior
to analysis. Instead, the extracts are readily injected for analysis in UPLC (ultra-
performance liquid chromatographic) instrument [12–14].

Advantages of using acetonitrile as a solvent are that the sample extract con-
tains fewer interfering substances than the corresponding ethyl acetate and acetone
extracts, and acetonitrile can be separated easily from water. Therefore, this makes
acetonitrile the preferred extraction solvent for QuEChERS method. In multiclass,
multi-residue pesticide analyses, the sample preparation method inherently necessi-
tates broad analytical scope which makes it impossible to obtain a high degree of
clean-up without reducing recoveries for some pesticides. The greatest difficulty that
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all multiclass, residue methods possess is that certain pesticides do not give high and
consistent recoveries with the method [9].

Acidic conditions help to reduce losses of these pesticides. QuEChERS method
faces criticism for not being perfect, according to Lehotay et al. [6]. Although dif-
ferent QuEChERS versions recommend that the clean-up method using Primary
Secondary Amine (PSA) be included in the process, the PSA neutralizes the acid-
ity of the acidic pesticides resulting in loss of recoveries. QuEChERS method is
widely used by international and local, regulatory and private laboratories as a pre-
ferred method of detection for multi-residues of agrochemicals in food. The version
of QuEChERS method implemented in Analytical Services North laboratory gives
unsatisfactory recoveries for Imidacloprid in citrus samples. As a regulatory labo-
ratory testing samples for export markets, methods employed should at least give
recovery values ranging from 70 to 120% as recommended by EU Quality Control
measures for pesticides residue analysis [15].

Therefore, considering the importance of citrus for the South African economy,
this study aims to adjust or modify the QuEChERS method to improve recoveries of
analytes including Imidacloprid pesticide. It also aims to evaluate the effect of Pri-
mary Secondary Amine (PSA) in the sample extraction steps of QuEChERS method
towards the extraction of Imidacloprid.

25.2 Experimental

25.2.1 Materials and Equipment

Neat Imidacloprid pesticide standard (99.9%), MgSO4 (99.9%) anhydrous powder,
trisodium citrate dihydrate and disodium hydrogen citrate sesquihydrate (99.9%)
were obtained from Sigma Aldrich. Primary Secondary Amine, analytical reagent
grade, was from Agilent technologies. Romil was the supplier for acetonitrile and
ultra-pure water (both UPS ultra-pure). Formic acid (99%) was purchased at Fluka.
Sodium chloride, in powdered form, was obtained from Rochelle Chemicals. Nitro-
gen gas—LC makeup gas-(99.999%) and argon gas—LC collision gas-(99.99%)
were obtained from Afrox. Acetone, Burdick and Jackson high purity solvents were
obtained fromMerck.All the reagentswere purchased in Johannesburg, SouthAfrica.

TheUltra Performance LiquidChromatograph coupledwith TripleQuadDetector
(UPLC-TQD) was used. The LC system comprises a column, Acquity UPLC BEH
C18 2.1 mm× 100 mm× 1.7µm and an Acquity UPLCBEHC18 1.7µmvanguard
pre-column 2.1 mm × 5 mm. The column temperature and the sample temperature
for the instrument were 40 and 10 °C respectively. A flow rate of 0.450 ml/min was
used. Mobile phase A was 100% water with 0.1% formic acid. Mobile phase B was
100% acetonitrile with 0.1% formic acid. Weak needle wash was at the ratio of 90%
water and 10%acetonitrile and strong needlewashwas at the ratio of 90%acetonitrile
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and 10% water. The total run of the instrument was 10 min and the injection volume
was 5 µl, partial loop injection.

An ionization mode electrospray ionization (ESI) in the positive mode coupled to
aWaters AQUITY-LCwas used for soft ionization resulting in analyte fragmentation
and increasing the sensitivity and selectivity of the LC/MS method. Nitrogen was
used as a desolvation gas at 600 L/h and as a cone gas at 10 L/h. Capillary voltage of
3.50 kV and source temperature of 120 °C were used. The acquisition was multiple
reaction monitoring (MRM). The collision gas used was argon at 2 × 10−3 mBar.

Sigma3-16 centrifugePKwas usedwith the 50ml polypropylene centrifuge tubes.
For weighing standards, PSA and MgSO4, the Mettler AT 261 delta range balance
with an accuracy of 4 decimal places was used. However, samples were weighed
using the Top-loading Precisa 6200D SCS balance of 2 decimal place accuracy.
Samples and standards were mixed with the ultra—turrax mixer (PRO 250 Model)
and the vortex mixer (Labex) respectively. The standards and samples were stored in
the fridge and freezer using amber vials. To avoid cross contamination, all apparatus
used were either new or used after thorough cleaning.

25.2.2 Sample Collection

A total of 24 samples of eight citrus fruits and citrus fruit juice commodities com-
prising of three samples of each were collected from different markets and grocery
shops in Gauteng Province. The selected samples were oranges, grapefruit, lemon,
satsuma, clementine, 50% orange juice, 100% orange juice and 100% grapefruit
juice. These fruits and juices are regular buys in South Africa. A representative sam-
ple was made by combining three different samples from different sources of supply
into one sample. The samples were homogenized and frozen at−20 °C until analysis
was resumed (within six months).

25.2.3 Optimization of Imidacloprid Insecticide

The Imidacloprid standard was prepared and optimized for detection on the Ultra
Performance Liquid Chromatograph coupled with Triple Quad Detector (UPLC-
TQD) instrument ensuring identification, better separation and quantification of the
analyte of interest. Imidacloprid has a molecular weight of 256 g/mol, which was
confirmed by infusion in quad one of the UPLC-TQD instrument using nitrogen
generator as a makeup gas. When Imidacloprid was transferred from quad one to the
collision cell, argon gas was used for fragmentation of base ion 256 and fragments
209 and 175 were the best ions for quantification and confirmation and were detected
in quad three.
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25.2.4 Sample Extraction and Clean-up

The homogenized eight different citrus samples (oranges, grapefruit, lemon, sat-
suma, clementine, 50% orange juice, 100% orange juice and 100% grapefruit juice)
were tested for Imidacloprid residue using QuEChERS, (quick, easy, cheap, effec-
tive, rugged and safe) method with and without slight modification. About 10 g of
each commodity was mixed with 10 ml acetonitrile and sample preparation tubes
containing amixture of four salts (4.0 gmagnesium sulfate and 1.0 g sodium chloride
for facilitating the extraction of pesticides to bemore selective and for water removal,
1.0 g trisodium citrate dihydrate and 0.5 g disodium hydrogen citrate sesquihydrate
to buffer the organic phase to protect pH labile pesticides) in a centrifuge tube. Thor-
ough shaking for twominutes was performed; the aqueous phase was separated from
organic phase by centrifugation for five minutes at 5000 rpm [13, 16].

The organic phase containing the partitioned pesticides residue was subjected
to clean-up using 0.25 g PSA and 0.75 g MgSO4 in 50 ml centrifuge tubes. After
shaking for two minutes, the samples were centrifuged for five minutes at 5000 rpm.
The supernatant was collected and capped into 2 ml vials for analysis on the UPLC-
TQD instrument. The pH readings for each sample were taken between every step
during preparation. The comparison between the recovery results was performed.
Further study on recoveries was performed using the QuEChERS protocol (with
PSA) method and the modified (without PSA) method by spiking three aliquots
of orange samples at a concentration level of 0.25 ppm. The orange samples were
prepared varying the acidity of the orange. For the first sample the pH was not
adjusted, the pH was adjusted to 2.00 on the second sample and to 10.93 on the third
sample [16].

The effects of theQuEChERSsalts andPSAwere evaluatedbypreparationof three
aliquots of a reagent blank (water) varying the acidity of the blank samples where the
pH was not adjusted on the first sample, the pH was adjusted to 2.18 on the second
sample and to 10.85 on the third sample. Further trials were done by preparation of
an orange sample and the reagent blank pH of both samples was adjusted to below
1.0 (0.94 and 0.97). The extraction and the clean-up were performed for both the
samples. Recovery results were calculated [14, 17, 18].

25.2.5 Recovery Studies and Quality Control

Imidacloprid was identified by matching the retention time of the sample with its
standard. Recoveries of Imidacloprid were measured by analyzing eight samples of
each commodity fortified at 0.250 mg/kg. A five level calibration curve (0.05; 0.10;
0.25; 0.50 and 1.0 mg/kg) was plotted for Imidacloprid certified reference standard
using the orange as amatrixmatch of representatives for different citrus commodities
(orangewill be used as amatrix for all citrus commodities in preparation of standards)
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for quantification of samples. The 0.05 mg/kg was the lowest standard determined
for use in quantification of Imidacloprid.

25.3 Method Validation

In this study, validation data sets were carried out according to the European
SANCO/12571/2013 guidelines [19]. The results comparison for all the trials, vali-
dation for both the methods (without the use of PSA and with the use of PSA) and the
following parameters were addressed: accuracy/trueness (recoveries), linearity, pre-
cision (repeatability and reproducibility), limit of detection, limit of quantification
and measurement of uncertainties [19].

25.3.1 Linearity

Linearity was tested in the range of 0.05–0.50 mg/kg using both the mobile phase A
solution and orange matrices (with PSA and without PSA), all sets of standards were
injected in triplicate.Orangewasused as amatrixmatched standard to ensure accurate
quantification and to account for any enhancement/suppression due to matrix effects
on calibration standards. The percentage matrix effect of the calibration curve was
determined by testing the linearity of the detector response of Imidacloprid in solvent
(mobile phase A) and in the orange matrices over the range of 0.05–0.50 mg/kg.
The correlation coefficient, percentage matrix effect and percentage residual for
Imidacloprid calibration curve were calculated (Fig. 25.1).

Fig. 25.1 Calibration curve, residuals and chromatogram for Imidacloprid pesticide
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25.3.2 Accuracy

The accuracy of the method was determined by fortifying five orange samples five
times at five different concentration levels (0.10, 0.15, 0.25, 0.50 and 1.0 ppm) using
Imidacloprid standard. Acceptable recoveries will be in the range of 70–120%.

25.3.3 Precision

25.3.3.1 Repeatability

The repeatability was tested five times for five fortification levels of Imidacloprid
at five different concentration levels (0.10, 0.15, 0.25, 0.50 and 1.0 mg/kg). The
%Relative Standard Deviation (%RSD) was calculated.

25.3.3.2 Reproducibility

The reproducibility was determined five times for one fortification level (0.50mg/kg)
using three analysts on three different days. The%RSD for each analyst and for three
analysts was calculated.

25.3.4 Limit of Detection and Limit of Quantification

The errors of the intercept and the slope were used for calculation of limit of detec-
tion (LOD) and limit of quantification (LOQ). The theoretical LOD and LOQ were
calculated for Imidacloprid to detect the lowest level of analyte that can be accurately
detected and measured.

25.4 Results

A total of eight different representative citrus samples covering the fresh fruit and pro-
cessed fruit product categories were tested for the presence of Imidacloprid residues.
The representative citrus samples were a fresh orange, grapefruit, lemon, clemen-
tine, satsuma, 50% orange juice, 100% orange juice and 100% grapefruit juice
(Table 25.1).

QuEChERS extraction method with and without the use of primary secondary
amine (PSA), was used to extract the Imidacloprid residues from the eight different
citrus samples. The pH values for extracts from these different matrices ranged
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between 3.14 and 4.65. Imidacloprid recovery determinations for fresh citrus fruits
and processed products (fruit juices) were performed. Imidacloprid was successfully
optimized and fragmentation ions (m/z 209 and 175) were used for quantification
and confirmation.

Although the results for both themethodswerewithin the accepted recovery range
of 70–120%, samples tested using the method without the use of PSA produced
higher recoveries than for the method using PSA. Over and above the use of the
cleaning effect of PSA, there are also properties of pH adjustment. For analytes (i.e.
Imidacloprid) that are pH sensitive, it helps to adjust the analyte environment to
be favourable. If the analyte is recovered at the acceptable range of 70–120%, then
the environment is favourable [20]. From the experiments performed, recoveries of
samples with very low and very high acid proved to be outside the accepted range
of recoveries which proved that the pH of the sample plays a vital role in achieving
good results (Tables 25.2, 25.3, 25.4 and 25.5).

Prior to validation of both the methods (with the use of PSA and without the use
of PSA), linearity was tested in the range of 0.05–0.50 mg/kg using neat solvents and
orange extract as a matrix solvent/match for calibration standards (Table 25.6). The
correlation coefficient for Imidacloprid in neat standards was 0.9996, for the matrix
matched standards without the use of PSA was 0.9956, and for the matrix standards
with the use of PSA was 0.9941.

The percentage matrix effect for the method without the use of PSA was 77%
and with the use of PSA it was 95%. The range of the residuals was 2.23–7.37%
for the neat standards, 0.20–3.03% for the standards without the use of PSA and
0.18–11.30% for the standards in PSA.

The accuracy of themethodwas evaluated on the basis of the recoveries and statis-
tical accuracy as an additionalmeasure (Fig. 25.2). The recoveries for themethodwith
the use of PSA ranged from 97 to 111% and for the method without PSA the range
was from 89 to 103%. The accepted range of recoveries is 70–120% according to

Table 25.2 Recovery results for orange sample fortified at 0.05 mg/kg with adjusted pH levels

Type of
matrix

pH of the
neat
matrix
(sample
puree)
before
adjust-
ment

pH of
sample
puree
after pH
adjust-
ment

pH of
extract
after
adding
PSA

pH of
final
extract
(2 ml
extract +
8 ml
MPA)

Imidacloprid
concentration
recovered from
spiked samples
with PSA
added (mg/kg)

%
Recovery

Orange A 4.25 Not
adjusted

7.21 3.40 0.0383 76.45

Orange B 4.25 2.00 2.36 2.67 0.0352 70.26

Orange C 4.25 10.93 8.27 3.32 0.0672 134.13

MPAMobile phase A (99.9% water +0.1% formic acid)
PSA Primary secondary amine
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Table 25.3 Recovery results for reagent blank (water) fortified at 0.25 mg/kg with adjusted pH
levels

Type of
matrix

pH of
water
(reagent
blank)
before
extraction

pH of
water
(reagent
blank)
extract
without
pH
adjust-
ment

pH of
water
(reagent
blank)
extract
with pH
adjust-
ment

pH of
water
(reagent
blank)
extract
after
adding
PSA

Imidacloprid
concentration
recovered from
spiked water
(reagent blank)
samples with
PSA added
(mg/kg)

%
Recovery

Water E 7.63 5.27 Not
adjusted

8.98 0.2302 91.90

Water F 7.51 5.13 2.09 2.83 0.1921 76.69

Water G 7.44 5.05 10.91 9.18 0.2122 84.71

N.B. Water resembled the sample matrix and the 10 ml acetonitrile was used to extract the analyte
as per the QuEChERS method

Table 25.4 Recovery results for reagent blank (water) fortified at 0.05 mg/kg with adjusted pH
levels

Type of
matrix

pH of
water
(reagent
blank)
before
extraction

pH of
water
(reagent
blank)
extract
without
pH
adjust-
ment

pH of
water
(reagent
blank)
extract
with pH
adjust-
ment

pH of
water
(reagent
blank)
extract
after
adding
PSA and
acidifica-
tion with
MPA

Imidacloprid
concentration
recovered from
spiked water
(reagent blank)
samples with
PSA added and
acidification
with MPA
(mg/kg)

%
Recovery

Water E 7.63 5.27 Not
adjusted

3.69 0.0546 108.98

Water F 7.51 5.13 2.09 2.69 0.0467 93.21

Water G 7.44 5.05 10.91 4.49 0.0601 119.96

N.B. Water resembled the sample matrix and the 10 ml acetonitrile was used to extract the analyte
as per the QuEChERS method
MPA mobile phase A (99.9% water +0.1% formic acid)
PSA primary secondary amine
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Table 25.6 Linearity (correlation coefficient (r), % residual, matrix factor and % matrix)

Matrix matched
standards (mg/kg)

QuEChERS method
with PSA

QuEChERS method
without PSA

Neat standards

r = 0.9941% matrix
effect = 94.99%

r = 0.9956% matrix
effect = 77.35%

r = 0.9996

% Residual % Residual % Residual

0.05 0.18 2.78 7.26

0.10 6.59 0.20 7.37

0.25 0.20 3.03 3.15

0.50 11.30 2.50 5.29

1.00 5.04 1.55 2.23

0

20

40

60

80

100

120

0.1 0.15 0.25 0.5 1.0

Pe
rc

en
ta

ge
 re

co
ve

ry

Concentration mg/kg

Quechers method with
PSA

Modified Quechers
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Fig. 25.2 Percentage recoveries for QuEChERS method with PSA and without PSA

Ortelli et al. [21]. For the statistical accuracy evaluation, the calculated t-distribution
(tcalc) results for the method without the use of PSA ranged from a tcalc of 0.38–5.48
and for the method with PSA the following tcalc values of 0.48–10.37 were achieved.

For the orange matrix the repeatability was tested five times for five fortification
levels of Imidacloprid (0.10; 0.15; 0.25; 0.50 and 1.0 mg/kg). The repeatability
results obtained using the method without PSA had a %RSD with a minimum of
4.36 to a maximum of 18.79 for each aliquot and %RSD with a minimum of 4.32 to
a maximum of 21.98 for within aliquots. The method with PSA had a %RSD with a
minimum of 2.68 to a maximum of 29.10 for each aliquot and a minimum of 3.65
to a maximum of 19.37 for within aliquots (Fig. 25.3).
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Fig. 25.3 Repeatability results (with PSA)—precision measurements

The reproducibility was determined five times for one fortification level
(0.50 mg/kg) using three analysts on three different days (Fig. 25.4). Reproducibility
with %RSD for the method without PSAwas at a minimum of 4.34 to a maximum of
5.20 for each aliquot and %RSD with a minimum of 0.98 to a maximum of 7.62 for
within aliquots injections. The method with PSA had a %RSD with a minimum of
3.88 to a maximum of 7.39 for across aliquots and a minimum of 7.67 to a maximum
of 16.30 for within aliquots injections.

The limit of detection and the limit of quantification for the method without PSA
were determined as 0.0170 and 0.0565 mg/kg respectively, and for the method with
PSA they were 0.0348 and 0.1161 mg/kg.

25.5 Discussion

The acceptable criteria set for correlation coefficient is 0.990 which means that there
is a 99% accurate relation between the concentrations and the peak areas used for
plotting the calibration curve. The results below the 0.990 level are due to outliers on
the calibration curve and they will be rejected to minimize random errors associated
with these outliers. The correlation coefficient for the neat standards was 0.9996,
whereas for the matrix matched standards without the use of PSA and with the use
of PSA it was 0.9956 and 0.9941 respectively. All the calibration curves satisfied the
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Fig. 25.4 Reproducibility results—different analyst measurements

set criteria of 0.990 level, but the neat standards curve has a better correlation than
the other two calibration curves in matrix.

The matrix effect (ME) is a measure used to estimate if the matrix substantially
influences the sensitivity of the analyte. The matrix factor, determined as the ratio
of slopes of calibration curves of a matrix matched curve divided by the neat curve,
is used to calculate percentage matrix effect (%ME) [20, 21]. Criteria set for the
matrix effect is 20% variation between the neat and the matrix matched standards
calibration curve, allowing the use of either one of them. When the matrix effects
are higher than 20% it provides for the use of matrix matched standards only. The
matrix effects for the methods without the use of PSA were 77% and with the use of
PSA were 95%. Both methods favor the use of matrix matched standards although
the method with PSA provides more accurate results than the method without PSA.

Residuals are calculated to avoid reliance on correlation coefficients solely, to
ensure that the fit is satisfactory in the region relevant to the residues detected. The
acceptable variation for the residuals is 20% which implies that a maximum of 20%
level of errors will be acceptable for the calibration curve. The range of the residuals
was 2.23–7.37% for the neat standards, 0.20–3.03% for the standards without the
use of PSA and 0.18–11.30 for the standards in PSA.

Accuracy determinations for a range of recoveries are acceptable between 70 and
120% when working within the concentration levels of 0.1–1.0 mg/kg. The results
outside the 70–120% recovery range will be rejected. The recoveries for the method
without the use of PSA were in the range of 89–103% and for the method with PSA
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were in the range of 97–111%. The method with PSA proved to have better stability.
For the statistical evaluation of accuracy, variation was acceptable up to the critical
value of 2.78 using the confidence level of 95%. The results for the method without
use of PSA were in the range of 0.38–5.48 and for the method with PSA were in the
range of 0.48–10.37. From the data obtained, all the results that did not comply were
due to the instrument injection repeatability and the analyst fortification [22].

The20%RSDvariationwas acceptable for the evaluationof theprecision (repeata-
bility and reproducibility). For repeatability the results obtained using the method
without PSA had a %RSD with a minimum of 4.36% to a maximum of 18.79% for
each aliquot and %RSD with a minimum of 4.32% to a maximum of 21.98% within
aliquots. The method with PSA had a %RSD with a minimum of 2.68% to a maxi-
mum of 29.10% for each aliquot and a minimum of 3.65% to a maximum of 19.37%
within aliquots. For both methods the results that were outside the 20% deviation
were caused by the instrument injection repeatability. The %RSD for reproducibility
of the method without PSA was at a minimum of 4.34% to a maximum of 5.20%
for each aliquot and %RSD with a minimum of 0.98% to a maximum of 7.62%
within injections. The method with PSA had a %RSD with minimum of 3.88% to
a maximum of 7.39% for each aliquot and a minimum of 7.67% to a maximum of
16.30% within injections. The method without the use of PSA performed better than
the PSA method.

The errors of the intercept and the slope were used for calculation of limit of
detection (LOD) and limit of quantification (LOQ). The results for the limit of detec-
tion and the limit of quantification for the method without PSA were 0.0170 and
0.0565 mg/kg respectively, whereas for the method with PSA they were 0.0348 and
0.1161 mg/kg respectively.

25.6 Conclusion

Different citrus samples (oranges, grapefruit, lemons, clementine, satsuma, 50%
orange juice, 100% orange juice and 100% grapefruit juice) were extracted using the
QuEChERS method protocol and the QuEChERS method without PSA.

Upon validating the twomethods they were found to compare as follows: linearity
evaluated by using the matrix effect parameter was found to support the use of matrix
matched standards for both methods. The method with PSA gave better sensitivity
to the analyte as exhibited by the matrix effect values (%ME(method with PSA) = 94.99
and %ME(method without PSA) = 77.35) compared to the method without PSA.

Accuracy evaluation for both the methods gave similar variations in terms of
recovery range values, 14 for the method without PSA calculated from minimum
of 89% to a maximum of 103% recoveries. Similarly the method with PSA gave
a range of 14 calculated from minimum of 97 to a maximum of 111% recoveries.
The precision was determined to be better for the method with PSA [range of 3.20
achieved through the difference of minimum %RSD of 4.20 from the maximum
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%RSD of 7.40], than for the method without PSA [range of 9.32 achieved through
the difference of minimum %RSD of 1.44 from the maximum %RSD of 10.12].

Therefore, the modified QuEChERS method (method without PSA) is a less pre-
ferredmethod compared to themethodwith PSA.Better stability/robustness is exhib-
ited by the method with PSA.

From the experiments conducted, it is evident that PSA as a weak base also
performs the function of buffering the extract in the method. When PSA is added
to a mildly acid extract with pH of 5.27 (Table 25.3) it adjusted the pH to 8.98. In
a strong acidic medium with pH of 2.09, the PSA fails to neutralize the pH of the
extract thus giving the final value of pH of 2.83. These experiments showed that
there is buffering effect by PSA over and above the clean-up purpose as cited by the
literature.

The results were satisfactory for both the methods used. Imidacloprid is an acidic
fungicide which is not best recovered from samples with a very low pH of less than
1. The acidity of each citrus sample will have to be checked and adjusted before the
analysis resumes for better recovery results.
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Chapter 26
Rheological Characterization, In Vitro
and Ex Vivo Drug Release, Therapeutic
Effectiveness and Safety Studies
of Diclofenac Sodium, Loaded
with Micronized Fumed Silicon Dioxide
Gel

Mohammad W. Islam, Abd Elazim A. Ali, Abdullah K. Alkindi
and Aliasgar Shahiwala

Abstract The present research has been undertaken with the aim to develop a topi-
cal gel formulation of diclofenac sodium using a micronized fumed silicon dioxide
(Aerosil) gelled with a liquid paraffin (non-polar vehicle). The two gels, 8% (for-
mulation A) and 10% (formulation B) were prepared from hydrophilic colloidal sil-
icon dioxide (Aerosil 200) and their physicochemical characterization and efficacy
as oleaginous ointment bases were investigated. They were evaluated for physic-
ochemical properties such as homogeneity, grittiness, viscosity, pH, spreadability,
drug content, skin irritancy, in vitro drug and ex vivo drug release. Compatibility
studies were carried out using FT-IR spectroscopy. Developed gels were found to be
comparable to marketed products in all physicochemical aspects tested. No signifi-
cant changes in the peak pattern of IR spectra of pure diclofenac sodium implies that
no chemical incompatibility between drug and excipients used in the formulations.
Drug permeation through the rat abdominal skin membrane was slow as compared
to the synthetic membrane for all the formulations tested. Permeation data for all the
tested formulations were found to follow zero-order kinetics with Fickian diffusion
mechanism, indicating that drug permeations were independent of the drug concen-
trations in the gels. The prepared gels showed significant analgesic activity in rats as
compared to the control value. Also, the application of gels showed no skin irritation

M. W. Islam (B) · A. E. A. Ali
Department of Pharmaceutical Sciences, College of Pharmacy, Ajman University, Ajman, UAE
e-mail: m.islam@ajman.ac.ae

A. E. A. Ali
e-mail: ajac.azim@ajman.ac.ae

A. K. Alkindi
Ministry of Health, Dubai, UAE
e-mail: abdullah@alkindimoh.gov.ae

A. Shahiwala
Department of Pharmaceutics, Dubai Pharmacy College for Girls, Dubai, UAE
e-mail: alishahiwala@gmail.com

© Springer Nature Switzerland AG 2019
P. Ramasami et al. (eds.), Chemistry for a Clean and Healthy Planet,
https://doi.org/10.1007/978-3-030-20283-5_26

447

http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-20283-5_26&domain=pdf
mailto:m.islam@ajman.ac.ae
mailto:ajac.azim@ajman.ac.ae
mailto:abdullah@alkindimoh.gov.ae
mailto:alishahiwala@gmail.com
https://doi.org/10.1007/978-3-030-20283-5_26


448 M. W. Islam et al.

throughout the entire observation period. Based on the results of this investigation,
formulation Awith 8% aerosil gel base in liquid paraffin was found to be a promising
formulation for further clinical investigations.

Keywords Micronized fumed silicon dioxide · Aerosil · Transdermal delivery of
the drug · Diclofenac sodium · Liquid paraffin

26.1 Introduction

Diclofenac sodium is a potent member of the non-steroidal anti-inflammatory
drugs (NSAIDs), widely used because of its strong analgesic, antipyretic and anti-
inflammatory effects [1, 2]. An oral dose of diclofenac sodium causes an increased
risk of serious gastrointestinal adverse events including bleeding, ulceration, and
perforation of the stomach or the intestines that could be fatal. The presence of
these oral adverse effects necessitates investigating other routes of drug delivery of
diclofenac sodium. Topical application has many advantages over the conventional
dosage forms. In general, they are deemed more effective and less toxic than con-
ventional formulations due to the bilayer composition and structure [3]. Transdermal
delivery of the drug can improve its bioactivity with reduction of the side effects and
enhance the therapeutic efficacy [4, 5].

The delivery of drugs onto the skin is recognized as an effective means of therapy
for local dermatologic diseases. It can penetrate deeper into the skin and hence give
better absorption [6]. Percutaneous absorption of drugs from topical formulations
involves the release of the drug from the formulation and permeation through skin
to reach the target tissue. The release of the drug from topical preparations depends
on the physicochemical properties of the vehicle and the drug employed [7–9]. The
difficult aspect of the transdermal delivery system is to overcome the barrier of
stratum corneum against foreign substances [10].

Ali et al. [11], Sheriff and Enever [12], Guy et al. [13], and Arellano et al. [14]
earlier reported on micronized fumed silicon dioxide (Aerosil) based oleaginous
type base. Recently, Lu and Fassihi reported the use of colloidal silicon dioxide to
enhance gel viscosity [15]. The use of colloidal silicon dioxide-type for any given
formulation needs to be determined experimentally as a rule of thumb [16].

Considering the importance of colloidal silicon dioxide, our present study was
carried out to develop topical gel formulations of diclofenac sodiumusing aerosilwith
liquid paraffin combination and to investigate the possibility of dermal application
of the developed gel formulations and their physicochemical characterization and
efficacy in comparison to marketed diclofenac gels.
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26.2 Materials and Methods

Aerosil 200 was purchased from Sigma-Aldrich, Taufkirchen, Germany. Diclofenac
sodium was a gift sample from Global Pharma, Dubai, United Arab Emirates. An
analytical grade of liquid paraffin was used.

26.2.1 Preparation of Buffer

The phosphate buffer was prepared according to USP standards. Its temperature was
maintained at 37 °C and it was degassed using Grant ultra-sonic bath. The pH of the
buffer was 6.8.

26.2.2 Preparation of Gel

Preparation of gel formulation using aerosil was a two-step process. Aerosil 200
was compounded in liquid paraffin at two different concentrations, i.e. 8 and 10%,
and then 1% diclofenac sodium was incorporated into the base. Prepared gels were
allowed to equilibrate for at least 24 h at room temperature [17–19]. Further charac-
terizations and evaluation were performed with the two prepared gels, i.e. 8% aerosil
gel as formulation A and 10% aerosil gel as formulation B and compared with mar-
keted product 1 as formulation C and marketed product 2 as formulation D. All the
gels contained 1% diclofenac sodium.

26.2.3 Characterization of Formulations

The gels were characterized for pH, viscosity, spreadability, consistency, extrudabil-
ity, and viscosity through standard methods.

26.2.4 Drug Content

Drug contents of the gels were determined by dissolving an accurately weighed
quantity (1 g) of gels in 100mlof phosphate buffer (pH6.8) [20]. These solutionswere
transferred quantitatively to volumetric flasks and appropriate dilutions were made
with the same buffer solution. The resulting solutionswere then filteredwith 0.45mm
membrane filters before subjecting the solution to spectrophotometric analysis for
diclofenac sodium at 276.0 nm using phosphate buffer (pH 6.8) as blank. Drug
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content was determined from the standard curve of diclofenac sodium. Aliquots of
different concentrations were prepared by suitable dilutions after filtering the stock
solution and their absorbances weremeasured. Drug content was calculated using the
equation, which was obtained by linear regression analysis of the calibration curve
[20]. To ensure content uniformity of the gels, they were sampled from different
locations in the mixer and assayed for the drug content.

26.2.5 Measurement of pH

The pH values of the prepared gels were measured by a digital type pH meter, by
dipping the glass electrode into the sample. The reaction was performed at room
temperature (25 ± 2 °C). The measurements were performed in triplicate [21].

26.2.6 Spreadability

The spreadability of gels was evaluated through an extensometer set up, which con-
sists of two glasses. The gel sample (0.25 g) was placed on the lower immovable
glass plate. The upper glass plate (movable) was placed on the top of the sample.
Force was generated by adding known weight (50 g) on the upper glass plate. By
this method, spreadability was measured on the basis of ‘slip’ and ‘drag’ character-
istics of gels [22]. The experiment was repeated thrice at a constant temperature. The
spreadability was then calculated by using the formula [23]:

S = (M× L)/T

where

M weight tied to upper slide;
L length of glass slides;
T time taken to separate the slides.

26.2.7 Homogeneity

All developed gels were tested for homogeneity by visual inspection after the gels
set in the container. They were tested for their appearance and the presence of any
aggregates [23].
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26.2.8 Grittiness

All the formulations were evaluated microscopically for the presence of particles, if
any. No appreciable particulate matter was seen under a light microscope [23].

26.2.9 Extrudability

The formulations were filled in the collapsible tubes after the gels were set in the
container. The extrudability of the formulation was determined in terms of weight
in grams required to extrude a 0.5 cm ribbon of gel in 10 s. The measurement of
extrudability of each formulation was carried out in triplicate and the average values
are presented. The extrudability was then calculated by using the following formula
[24]:

Extrudability = Applied weight to extrude gel from tube (in g)/Area (in cm2).

26.2.10 Viscosity Measurement

The viscosity of the formulations was determined using a Brookfield digital vis-
cometer equipped with T-bar Spindle D. The gel sample (5 g) was placed in the
sample holder of the viscometer and allowed to settle for 5 min and the viscosity
was measured at a rotating speed of 50 rpm at room temperature (25–27 °C). The
viscosity measurements were made in triplicate using fresh samples.

26.2.11 Fourier Transform-Infrared Spectroscopy (FTIR)
Study

FTIR (Manufacturer: Shimadzu; Model: IR Affinity-l) was used to check compati-
bility and interaction between the drug and excipients. The spectra of pure diclofenac
sodium and the different combinations, embedded in KBr discs were recorded in the
range of 4000–400 cm−1 using IR spectroscopy. The study was performed on the
following:

(1) Liquid paraffin; (2) Diclofenac sodium; (3) Aerosil 200;
(1 + 2) Liquid paraffin + Diclofenac sodium;
(1 + 3) Liquid paraffin + Aerosil 200;
(1 + 2 + 3) Liquid paraffin + Diclofenac sodium + Aerosil 200;
(2 + 3) Diclofenac sodium + Aerosil 200.
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26.2.12 Preparation of Skin for Ex Vivo Drug Permeation
Studies

For the preparation of rat skin, male white Sprague Dawley rats, weighing 150–200 g
were used and anesthetized with brief ether inhalation and killed by cervical dislo-
cation. Hairs were removed with an electric clipper and the abdominal skin was
carefully excised. The adhering fat and debris were carefully removed from the skin
samples and kept in−20 °C deep freeze until used in the diffusion studies. The skin
samples were soaked in isotonic saline solution for 30min before starting permeation
studies.

26.2.13 In Vitro and Ex Vivo Skin Permeation Studies

In vitro and ex vivo permeation studies were carried out using vertical Franz cells
(Copley Scientific, England). The basic configuration of the experimental apparatus
is composed of (a) a donor compartment, wherein the formulation is applied to a
semipermeable membrane where the drug released will permeate; and (b) a receiver
chamber, wherein samples can be withdrawn for drug analysis. The receptor com-
partment was filled with phosphate buffer of pH 6.8 and continuously stirred with a
small magnetic bar at a speed of 50 rpm during the experiments to ensure homogene-
ity and maintained at 37.2 ± 0.5 °C [25]. A known amount of the test formulation
(256 mg) was applied on the membrane/skin over an area of 1.131 cm2 and placed
across the donor compartment. Cellulose membrane (0.45 µm) and rat skin were
used as diffusion barriers. Aliquots of 1 ml were withdrawn periodically at intervals
of 30 min for the first 3 h, and then at intervals of 60 min for the next 3 h (i.e.
readings recorded at 0.5, 1, 1.5, 2, 2.5, 3, 4, 5, and 6 h and each sample was replaced
with equal volume of fresh dissolution medium. This dilution of the receiver content
was taken into account when evaluating the penetration data. The samples were ana-
lyzed spectrophotometrically at 276 nm (Shimadzu UV-Visible-1800). In vitro drug
permeation results were presented as cumulative % drug permeated [26, 27].

26.2.14 Drug Release Kinetic Studies

To analyze the mechanism of drug release from the topical gel, the release data were
fitted to the following equations:

(a) Zero-order equation:

Q = k0t
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where Q is the amount of drug released at time t, and k0 is the zero-order release
rate.

(b) First-order equation:

ln(100−Q) = ln 100−k1t

where Q is the percentage of drug release at time t, and k1 is the first-order
release rate constant.

(c) Korsmeyer–Peppas model for the mechanism of drug release (first 60% drug
release)

F = (Mt/M) = Kmt
n

where F is the fraction of drug released at time ‘t’, Mt is the amount of drug
released at time ‘t’, M is the total amount of drug in dosage form, Km is the
kinetic constant, and n is the diffusion or release exponent.

26.2.15 In Vivo Analgesic Activity

The tail flick method was utilized to study the antinociceptive activity in rats. The
automatic tail flick analgesiometer (Tail flick apparatus, UGO BASILE®, Germany)
was used.Mice were held in the restrainer. Reaction timewas recorded as the interval
between exposing the tail to the light beam and the withdrawal of the tail. A cut-
off time of 20 s was imposed as a protection against tissue damage [28]. Tail flick
latency in seconds was recorded at 0 (as pre-drug value), 0.5, 1, 2, and 4 h after drug
administration. Each animal served as its own control. The change in latency time
was calculated as T − T 0 (where T 0 is the latency at zero time).

26.2.16 Skin Irritation Test

Three adult NewZealand white albino rabbits of either sex weighing 1.5–2.0 kgwere
housed individually, and maintained under standard conditions. The aerosil 200 gel
base, formulation A and formulation B were tested for their skin irritation tests.
Approximately 24 h before initiation of the experiment, the backs of the animals
were clipped free of fur at four sites using an animal clipper without any abrasion
with an area of 6 cm2. In each group, the skin of one rabbit was left intact and the
skin of the other rabbit was abraded with a clipper head so as to penetrate the horny
layer of the epidermis without causing bleeding. A 0.5 g quantity of sample of the
gel base/gel was weighed and then evenly applied to each site [29].
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Table 26.1 Skin irritation visual scoring scale

Erythema formation and eschar
formation

Score Edema formation Score

No erythema 0 No edema 0

Very slight erythema, barely
perceptible

1 Very slight edema, barely perceptible 1

Well defined erythema 2 Slight edema (edges of area well
defined by definite raising)

2

Moderate to severe erythema 3 Moderate edema (raised
approximately 1 mm)

3

Severe erythema (beet redness) to
slight eschar formation (injury
in-depth)

4 Severe edema (raised more than
1 mm and extending beyond the area
of exposure)

4

All the four sites were covered with a non-occlusive absorbent gauze patch and
held in place with non-irritating tape. The patch was wrapped with a semi-occlusive
bandage for the duration of 4 h. Rabbits were kept in the restrainer for 4 h. Following
the 4 h exposure period, the collars and wrappings were removed and any remaining
test materials were removed with a wet disposable paper towel without altering the
integrity of the epidermis [29].

All the animalswere observed for dermal reactions at 4, 24, 48 and 72 h. Following
the removal of the gauze patch, the test sites were examined for erythema and edema
in accordance with Draize scoring criteria (Table 26.1) [30].

26.3 Data Analysis and Statistics

Determination of flux and permeability:

In in vitro and ex vivo experiments, the cumulative amount of diclofenac permeated
per unit area was plotted against time and the slope of the linear portion of the plot
was used as steady-state flux (JSS). The permeability coefficient (Kp) was calculated
with the following equation:

Kp = JSS/CV

in which CV is the total donor concentration of the formulation. The lag time was
determined by extrapolating the linear portion of the cumulative amount permeated
per unit surface area–time plot to the abscissa. Results were expressed as mean± SD
(Standard deviation) and the data were analyzed by SPSS 20.0 statistical software.
A paired sample t-test was used to examine the statistical difference in the release
profile between formulations. The value of p < 0.05 was considered as statistically
significant.
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26.4 Results and Discussion

The increasing use of oleogels for topical/transdermal drug delivery is attributed
to their long-term stability and ease of preparation [31]. Two simple oleogels were
prepared in this investigation using aerosil and liquid paraffin and were characterized
for different physicochemical properties.

26.4.1 Appearance/Clarity, Homogeneity and Grittiness

The prepared gels were tested for homogeneity by visual inspection after the gels
have been set in the container. They were tested for their appearance and presence of
any aggregates. The formulation A and formulation B did not show any aggregates
and lumps (×100). No particulate matter were found in either gel. Both formu-
lated transdermal gels showed good homogeneity and were slightly opaque in nature
(Table 26.2). The prepared gels were also visually inspected for their consistency
and the presence of clogs. Both the prepared formulations appeared to be smooth
with uniform texture, and were semi-transparent in clarity with no clogs, as shown
in Table 26.2.

26.4.2 pH

The pH of formulation A and formulation B was found to be 6.45 and 6.55 at 22 °C,
respectively, which are considered acceptable to avoid the risk of irritation after skin
application [32]. For a gel, the range of pH between 5 and 7 is considered good, as
below 5 the solubility of active ingredient decreases [33]. Hence, it was concluded
that the formulations A and B would not produce any local irritation to the skin. The
results are shown in Table 26.2.

Table 26.2 Shape, appearance, grittiness and homogeneity parameters for formulation A and B

Formulation Type of solids pH Appearance/clarity Grittiness Homogeneity

A Semi-solid,
amorphous

6.45 Semi-transparent No particulate
matter

Homogeneous

B Semi-solid,
amorphous

6.55 Semi-transparent No particulate
matter

Homogeneous
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26.4.3 Drug Content

Diclofenac sodium content was estimated by a UV-visible spectrophotometer and
absorbance was measured at 276 nm. The method was validated for linearity, accu-
racy, and precision. The method obeys Beer’s Law in the concentration range of
1–10 µg/ml.

The gel samples were taken from different locations and analyzed for drug con-
tents. The percentage drug content of prepared gel formulations i.e. formulation A
and formulation B were found to be 98.47 ± 2.10 and 96.61 ± 3.30% respectively
(Table 26.3). The percentage drug content of formulations was found to be within
the I.P. (Indian Pharmacopoeia) limits.

26.4.4 Spreadability

Spreadability is a term expressed to denote the extent of the area to which the gel
readily spreads on application to the skin or the affected area. The spreadability of
the formulation A was found to be 13.79 ± 2.45 g cm/s while that of formulation B
was 13.55 ± 1.32 g cm/s (Table 26.3).

Uniform spreadability of the gels ensures the uniform delivery of a standard
dose of the drug to the required area. The value of spreadability also indicates the
therapeutic efficiency of the formulation [33]. The gels taking longer to separate
the slides possess good adherence properties; transdermal application of such gels at
pathological sites offers a great advantage resulting in a faster release of drug directly
to the site of action as compared to those with higher spreadability properties [34].

26.4.5 Extrudability

The extrusion of the gel from the tube is important during its application and in
patient acceptance. Gels with high consistency may not extrude from tube whereas
low viscous gels may flow quickly. Hence suitable consistency is required in order
to extrude the gel from the tube. The extrudability of formulation A and formulation
B was determined to be 223± 22.1 and 235± 36.0 g/cm2, respectively (Table 26.3).

Table 26.3 Characterization of diclofenac sodium gel formulations loaded with aerosil gel

Formulation Spreadability
(g cm/s)

Extrudability
(g/cm2)

Drug content
(%)

Viscosity
(cps) at 20 °C

Viscosity
(cps) at 25 °C

A 13.79 ± 2.45 223 ± 22.1 98.47 ± 2.10 141,500 ±135 140,000 ±145

B 13.55 ± 1.32 235 ± 36.0 96.61 ± 3.30 152,000 ±155 150,000 ±167

Values are the mean of 3 observations (n = 3)
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26.4.6 Viscosity Measurement

The viscosity determined for the formulation A was 141,500 ± 135 and
140,000± 145 cps at 25 °C and formulationBwas 152,000± 155 and 150,000± 167
cps at 25 °C (Table 26.3). From the results, it was found that the formulationA showed
less viscosity than formulation B. The data of the viscosity showed an increase in the
viscosity as the amount of colloidal silicon dioxide with liquid paraffin was increased
from 8 to 10%. In aerosil gel, all the effects are related to the ability to disperse aerosil
fumed silica particles to form a network of aggregates.

Viscosity is an important physical property of topical formulations which affects
the rate of drug release [35]. Increased consistency was ascribed to the polymer
entanglement [36]. In earlier studies, the oliogels were found to be thixotropic in
nature with pseudoplastic flow behavior. They have also been reported to maintain
their consistency over a wide temperature range (25–60 °C) [11]. Based on higher
viscosity, the application in pharmaceutical products is suitable where stickiness is
required such as an oral gel.

26.4.7 FT-IR Study

The IR spectra of pure diclofenac sodium and the different combination gels are
represented in Figs. 26.1, 26.2, 26.3, 26.4 and 26.5. FT-IR was used to check the
compatibility and interaction between the drugs and the drug excipients. The spectra
of pure diclofenac sodium and the different combinations, embedded in KBr discs,

Fig. 26.1 FT-IR spectrum of diclofenac sodium
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Fig. 26.2 FT-IR spectra of (1 + 2) versus diclofenac sodium

Fig. 26.3 FT-IR spectra of (1 + 3) versus diclofenac sodium

were recorded in the range of 4000 and 1500 cm−1 at the points 4000, 3500, 3000,
2500, 2000, 1750 and 1500 cm−1.

There were no significant changes observed in the peak pattern of the IR spectra
of pure diclofenac sodium and of the combinations (drug + excipients), indicating
that there is no chemical incompatibility between the drug and the excipients in the
formulations used in Table 26.4.
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Fig. 26.4 FT-IR spectra of (1 + 2 + 3) versus diclofenac sodium

Fig. 26.5 FT-IR spectra of (2 + 3) versus diclofenac sodium

26.4.8 Transdermal Drug Delivery System Using Franz
Diffusion Cell

In vitro drug release studies of gel formulations were carried out through cellophane
membrane and rat skin and are plotted alongwith twomarketed drugs i.e. formulation
C and formulation D. These formulations were subjected to a diffusion study and
their release kinetics were observed (Figs. 26.6 and 26.7; Tables 26.5 and 26.6).

The cumulative percentage of drug released in 6 h through rat skin from formu-
lations A, B, C and D were found to be 80.16 ± 8.90, 61.17 ± 9.81, 85.52 ± 9.97,
and 83.10 ± 8.20, respectively (Table 26.5). The permeation of drug from prepared
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Table 26.4 Compatibility between diclofenac sodium and the excipients

Sample Combinations Result

Liquid paraffin Liquid paraffin alone (1)

Diclofenac sodium Diclofenac sodium alone (2)

Aerosil 200 Aerosil 200 alone (3)

Sample A 1 + 2 (prepared IR disc using liquid paraffin + diclofenac
sodium)

Concordant

Sample B 1 + 3 (prepared IR disc using liquid paraffin + aerosol
200)

Concordant

Sample C 1 + 2 + 3 (prepared IR disc using liquid paraffin +
diclofenac sodium + aerosil 200)

Concordant

Sample D 2 + 3 (prepared IR disc using diclofenac sodium + aerosil
200)

Concordant

Fig. 26.6 Comparison of drug release profiles of formulations A–D through rat skin in a Franz
diffusion cell

formulations (A and B) was compared to that of the marketed drugs (C and D) as
shown in Table 26.5 and Figs. 26.6 and 26.7.

Formulation A showed a higher percentage of drug release as compared to formu-
lation B but was slightly lower than the marketed products which had a marginally
higher percentage of drug released. The higher viscosity decreases the release of
active substance from the formulation. The increased amount of aerosil results in
greater complexity of cross-links between neighboring particles and a larger number
of networks per unit area [37].

The cumulative percentage of drug released in 6 h through the synthetic mem-
brane from formulations A, B, C and D was found to be 86.69± 8.42, 70.86± 7.72,
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Fig. 26.7 Comparison of drug release profiles of formulations A–D through a synthetic membrane
in a Franz diffusion cell

Table 26.5 Cumulative percentage of drug released in 6 h through rat skin and synthetic membrane

Formulation Permeation medium Total % conversion

A Rat skin 80.16 ± 8.90

B Rat skin 61.17 ± 9.81

C Rat skin 85.52 ± 9.97

D Rat skin 83.10 ± 8.20

A Synthetic membrane 86.69 ± 8.42

B Synthetic membrane 70.86 ± 7.72

C Synthetic membrane 93.33 ± 7.49

D Synthetic membrane 91.30 ± 7.14

Table 26.6 Flux and permeability coefficient for the different formulations

Formulation Permeation medium Drug flux J (µg/h/cm2) Permeability coefficient KP
(cm/h)

A Rat skin 121.02 ± 8.47 0.0945 ± 0.0017

B Rat skin 91.80 ± 4.59 0.0717 ± 0.0008

C Rat skin 129.38 ± 20.70 0.1011 ± 0.0061

D Rat skin 118.98 ± 15.65 0.0930 ± 0.0061

A Synthetic membrane 129.15 ± 10.33 0.1009 ± 0.0040

B Synthetic membrane 118.81 ± 7.13 0.0928 ± 0.0028

C Synthetic membrane 146.70 ± 27.87 0.1146 ± 0.0092

D Synthetic membrane 145.42 ± 17.44 0.1136 ± 0.0064
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93.33± 7.49, and 91.30± 7.14, respectively. The permeation of drug from formula-
tion A was comparable to that of the formulations C and D while the permeation of
drug from formulation B was the lowest of all formulations, as shown in Table 26.5
and Figs. 26.6 and 26.7. Marketed products have a little higher drug release that
may be related to the concentration of the gelling agent. The high viscosity of gels
competes with the release of active substance from the formulation.

It was observed that formulation A produced better drug release as compared to
formulation B, both in in vitro drug diffusion study using synthetic membrane as
well as in ex vivo penetration study using rat abdominal skin and may be due to its
low viscosity. Compared to the rat skin, drug release from the synthetic membrane
was more, probably due to its simple structure.

The comparison of skin permeation data with that of the synthetic membrane
is not a simple task [38]. However, in vitro evaluations are essential tools for the
development and screening of formulations, and could predict in vivo cutaneous
absorption [39, 40].

The percentage or fraction drug permeation provides information on the % or
fraction of applied dose absorbed across the skin in a specified time. In order to
derive a more meaningful parameter, the duration of exposure must be indicated
along with the amount applied per unit area, which is known as flux. Permeability
coefficient (Kp) which is a flux value normalized for concentration, represents the
rate at which the chemical penetrates the skin (cm/hour). Flux is usually calculated
from the slope of the linear portion of the plot of the cumulative amount of drug
permeated per unit area versus time and Kp is then calculated by dividing the flux
with initial concentration applied on the skin. When Fick’s first law prevails under
steady-state conditions (Fickian diffusion), the flux can be easily obtained from the
slope of drug permeated per unit area versus time plot.

On the basis of the drug permeation results from both synthetic membrane and
rat abdominal skin, the mean flux and permeability coefficient (Kp) values were
calculated. The present results reveal that the flux and Kp values were higher in
case of synthetic membrane compared to rat abdominal skin when compared for
same formulations (Table 26.6). This is obvious as rat skin provides a more complex
barrier for drug permeation as compared to the synthetic membrane. The flux and
Kp values were highest for marketed product formulation C, followed by prepared
product formulation A in case of both synthetic membrane and rat abdominal skin,
while flux and Kp values were lowest for the prepared formulation B amongst the
formulations tested.

26.4.9 Drug Release Kinetics

The in vitro drug release data were subjected to the goodness of fit test by linear
regression analysis according to zero order, first order kinetic equation and Korsmey-
er–Peppasmodel in order to determine themechanism of the drug release. The results
of linear regression analysis data including the regression coefficient are summarized
in Table 26.7.
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Table 26.7 Drug release data fitted to various kinetic models

Formulation Permeation medium Zero order First order Korsmeyer-Peppas

K0 R2 K1 R2 n KKP R2

A Rat skin 13.13 0.99 0.27 0.98 0.12 7.14 0.95

B Rat skin 9.48 0.99 0.15 0.97 0.12 4.34 0.96

C Rat skin 13.59 0.99 0.30 0.95 0.13 6.32 0.95

D Rat skin 12.89 0.98 0.28 0.99 0.12 8.05 0.90

A Synthetic membrane 14.40 0.99 0.31 0.92 0.15 4.22 0.98

B Synthetic membrane 11.71 0.99 0.19 0.95 0.15 2.81 0.99

C Synthetic membrane 15.07 0.98 0.40 0.91 0.15 5.38 0.88

D Synthetic membrane 15.28 0.98 0.38 0.92 0.16 4.07 0.89

Based on the results, highest correlation coefficient (>0.99) were found when
release data were fitted to a zero order model. Hence, results confirm that all the for-
mulations followed zero-order kinetics. Zero-order release is preferable as it provides
constant plasma drug concentrations throughout the period of drug diffusion from
the applied formulation. To know the mechanism of drug release, the release data
were fitted to the Korsmeyer–Peppas model. For all the formulations, release expo-
nent (n) values were less than 1 (n < 0.45) which corresponds to Fickian diffusion
mechanism. The Fickian diffusion-based drug release for all the tested formulations
further confirms that the rate of release is independent of the drug concentrations in
the gels.

26.4.10 Analgesic Activity

Both formulations A and Bwith 1% diclofenac sodium as a topical formulation were
tested for their analgesic activity using the tail flick method in rats. The gels were
applied topically by rubbing the gels on the tail for a fixed time of 1 min and both
were found to induce a significant analgesic activity in rats as compared to the control
value (Table 26.8). The diclofenac sodium acts on the cyclooxygenase pathway of
prostaglandins synthesis [41].

26.4.11 Skin Irritation Test

Formulation A loaded with 1% diclofenac sodium was assessed for irritancy test
on male White New Zealand rabbits, using the dorsal area on the restrained animal
following the application of an aliquot of aerosil gel. The rabbits were observed for
visually apparent cutaneous changes (erythema and edema) and scored on normal
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and abraded skin. The irritation test results indicated that the application of gel base,
formulation A and B was associated with no skin irritation throughout the entire
observation period. However, mild erythema at the earlier observation times were
recorded in abraded skin in formulation A and B, which disappeared the following
second day (Table 26.9).

26.5 Conclusion

The present study showed the comparative evaluation of two oleogels developed
under this investigation with marketed gels containing diclofenac sodium. The for-
mulated oleogels with 8 and 10% aerosil showed smooth and homogeneous appear-
ance with suitable pH, spreadability, extrudability, homogeneity, and viscosity. In
vitro and ex vivo drug permeation studies suggested similar drug permeation from
the developed formulations as that of marketed diclofenac gels through both the syn-
thetic membrane and rat skin. Developed formulation A (8% aerosil) showed faster
drug release compared to formulation B (10% aerosil) due to its lower viscosity.
Prepared gels showed significant analgesic effect without any sign of skin irritation
in rats. Based on the results of this investigation, formulation A with 8% aerosil gel
base in liquid paraffin was found to be a promising formulation for further clinical
investigations due to its thixotropic nature with good physicochemical integrity and
comparability with marketed products.
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Chapter 27
Kinetics and Mechanism of Cr(VI)
Adsorption onto NaOH Treated Pine
and Magnetite-Pine Composite

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

Abstract Magnetite nanoparticles were coated on pine cone biomass (NTP-NC) by
co-precipitation method and the effect of the magnetite coating on Cr(VI) uptake,
mechanism, kinetic performance and diffusion of sodium hydroxide treated pine
cone (NTP) was studied. Evidence of adsorption-coupled reduction mechanism was
observed using change in solution hydrogen ion concentration (�H+), oxidation
reduction potential (ORP) and amounts of total Cr, Cr(III) and Cr(VI) left in solu-
tion for both coated and uncoated adsorbents. FTIR spectra showed that Cr was
removed as Cr(III) by both oxygenated functional groups of pine cone and Fe–O and
maghemite peaks were formed due to reduction reaction. The pseudo-second-order
and pseudo-nth-order best described Cr(VI) removal for both adsorbents giving sim-
ilar values of equilibrium capacity. The equilibrium capacities of Cr(VI) for NTP and
NTP-NC were 7.01 and 9.40 mg/g respectively. The kinetic performance using the
Wu’s expression showed thatCr(VI) adsorption ontoNTP-NCdrastically approached
equilibrium and had lower half-life as compared with NTP. External mass transfer
and surface adsorption contributed largely to the rate controlling step and their con-
tributions were higher for NTP-NC than for NTP due to the larger surface area and
reactivity of the magnetite coating.
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27.1 Introduction

The interaction between pollutant molecules or ions and active sites on adsorbent
surfaces is an important phenomenon in many industrial processes such as catalysis,
adsorption and other separation techniques. Porous materials applied as adsorbent
for water treatment contain active sites on their external and internal surfaces allow-
ing for surface adsorption, external and intraparticle diffusion to contribute to the
removal mechanism of pollutants. The adsorption properties of lignocellulosic mate-
rials for chromium(VI) (Cr(VI)) have been attributed to acidic functional groups on
the adsorbent surface which can take part in ion-exchange, complexation, chelation
and hydrogen bonding with pollutant species in solution [1, 2]. Two mechanisms for
lignocellulosic material adsorption of Cr(VI) have been proposed: (i) an electrostatic
mechanism inwhich at low pH, the protonated acidic functional groups on the bioma-
terial carrying a positive charge attract the negatively charged Cr(VI) species [3–5];
and (ii) the adsorption-coupled reduction mechanism in which Cr(VI) is reduced to
Cr(III) either in solution (Direct reduction) or after being adsorbed (Indirect reduc-
tion) by electron-donor groups of the biomaterial that have lower reduction potential
values than that of Cr(VI) [6, 7]. The Cr(III) ions formed in solution may then form
complexes with Cr(III)-binding groups on the biomaterial surface or released into
bulk solution by repulsion between Cr(III) and other positively charged groups on
the biomaterial [8]. Adsorption of pollutants using biomaterials has been associated
with limitations such as the kinetic restriction [9], low adsorption rates of pollutants
[10] and problems associated with separation of solids from solution [11]. It is there-
fore desirable to incorporate small sized functional material with high surface area
to improve diffusion, surface adsorption and ease of separation from solution.

In recent times, iron magnetic nanoparticles have been incorporated into biomate-
rials to eliminate the numerous drawbacks associated with their use as adsorbent for
Cr(VI) removal. Examples of these applications are in the use of magnetite coated
chitosan [9],magnetotactic bacteria [12],magnetic cellulose [13] andmagnetic lignin
composite [14] for the removal of Cr(VI) from aqueous solution. Although a few
number of literature exist on the kinetics and mechanism studies of Cr(VI) removal
by magnetite-biomaterial composites, scanty literature show complete evidence of
the adsorption-coupled reduction mechanism or compare the differences between
the mechanism of the biomaterial and the magnetite-biomaterial composite. This
study therefore seeks to (i) examine the operating mechanism of Cr(VI) adsorption
onto NTP and NTP-NC, (ii) compare the kinetics and kinetic performance of Cr(VI)
uptake on both samples, and (iii) examine the effect of magnetite coating on NTP on
the diffusion of Cr(VI) onto the adsorbents. The kinetic data of Cr(VI) uptake onto
NTP andNTP-NCweremodelled with three kinetic models and three diffusionmod-
els using regression program of the KyPlot 2.0 software which uses Quasi-Newton
algorithm for finding the parameter values which minimize the sum of the squares
of the errors (ERRSQ).
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27.2 Materials and Methods

27.2.1 Materials

Pine tree cones were collected from a plantation in Vanderbijlpark, South Africa. The
scales on the cones were then removed and blended in a food processing blender. The
resultant powder was sieved and particles below 90 μm were collected and used for
analysis. Stock solution of Cr(VI) was prepared by dissolving an accurately weighed
amount of K2Cr2O7 in deionized water.

27.2.2 Methods

27.2.2.1 Preparation of NaOH Treated Pine-Magnetite Nanocomposite
(NTP-NC)

This procedure involved dissolving 2.1 g of FeSO4 · 7H2O and 3.1 g of FeCl3 · 6H2O
under inert atmosphere in 0.08 dm3 of double distilled water with vigorous stirring.
The solution was heated to 80 °C and 0.03 dm3 of 25% ammonium hydroxide and
1.5 g of sodium hydroxide treated pine (NTP) were added. The reaction was left to
run for 30 min at 80 °C under constant stirring. The resulting NTP-NC was washed
several times with deionized water and ethanol.

27.2.2.2 Characterization

The FTIR spectra of NTP and NTP-NC before and after Cr(VI) adsorption were
recorded on a Perkin-Elmer (USA) ATR-FTIR Spectra 400 spectrometer in the range
500–4000 cm−1 to elucidate the functional groups present. The nanocrystal size and
morphology of the NTP-NC were observed by transmission electron microscopy
(TEM) on a JEOL 2010 FET TEM (Japan). A Tristar 3000 instrument coupled to
a VacPrep 061 degassing unit was used to determine the sample surface area, pore
volume and pore size under a N2 gas atmosphere.

27.2.2.3 Effect of Solution pH

The effect of solution pH was performed in a batch system in which 0.5 g of the
adsorbent was contacted in six 0.25 dm3 beakers containing 0.075 dm3 of 75mg/dm3

Cr(VI) solutions set at pH 1 to 10 at 26 °C and agitated at 200 rpm for 2 h. After 2 h of
agitation, the solutionwas filtered to remove the solid adsorbent and the clear solution
was analysed for Cr(VI) left using Ultra Violet-Visible spectrophotometer (UV/Vis)
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at 460 nm, total Cr was analysed using atomic absorption spectrometer (AAS) while
Cr(III) in solution was determined by calculating the difference between total Cr and
Cr(VI).

27.2.2.4 Kinetic Studies

Batch contact kinetic experiments were performed by contacting 0.5 g of the adsor-
bent materials with 0.075 dm3 of Cr(VI) solution of concentrations 25, 75, 100, 125
and 150 mg/dm3 in five conical flasks agitated 200 rpm for 2 h at 26 °C set to pH
2. Aliquot (0.0001 dm3) of sample was withdrawn at given interval, filtered and
diluted appropriately and analysed for Cr(VI) left using UV-Vis spectrophotometer
at 460 nm.

27.3 Results and Discussion

27.3.1 Brunauer-Emmett-Teller (BET) Surface Area
Analysis

The BET surface areas for the NTP and NTP-NC were observed to be 2.25 and
54.8 m2/g as shown in Table 27.1. The magnetization of the NTP caused a drastic
increase in surface area and pore volume of the NTP. Such increase in BET surface
area for magnetized lignocellulosic waste has been reported for orange peel powder
(47.03m2/g) andmagnetite-orange peel powder (65.19m2/g) [15], sodiumhydroxide
treated wheat straw (22.3 m2/g) and Fe3O4-sodium hydroxide treated wheat straw

Table 27.1 Characteristics of
NTP and NTP-NC

NTP NTP-NC

Surface properties

BET surface area (m2/g) 2.25 54.8

Pore volume (cm3/g) 0.0177 0.1522

Pore size (nm) 23.10 10.17

FTIR peaks

–OH 3334 cm−1 3256 cm−1

–CH2, –CH3 2897 cm−1 2913 cm−1

C–O 1627, 1602 cm−1 1627 cm−1

C=C 1509 cm−1 1507 cm−1

O–CH3 1421 cm−1 1416 cm−1

C–O–C 1028 cm−1 1024 cm−1

Fe–O 564 cm−1
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Fig. 27.1 TEM image and size distribution of NTP-NC nanocomposite

(57.5 m2/g) [16], tea waste (22.3 m2/g) and Fe3O4-tea waste (27.5 m2/g) [17]. The
possible reason for the increase inBET surface area and pore volume can be attributed
to the small size of Fe3O4 particles formed on the surface of the lignocellulosic
material. It was also observed that pores of smaller sizes were obtained when Fe3O4

was applied in the modification of lignocellulosic materials. It is believed that the
nucleation of Fe3O4 particles within the matrix of NTP may be responsible for the
increased pore volume.

27.3.2 Transmission Electron Microscopy (TEM)

TEM image and size distribution of NTP-NC are shown in Fig. 27.1a, b, while the
calculated size of the particles is shown in the histogram. The TEM image of NTP-
NC revealed that the particles were spherical in nature with mean diameter of about
7.94 nm.

27.3.3 FTIR Analysis

Table 27.1 shows the peaks of major functional groups present on the NTP and NTP-
NC surface. The peaks at 3334, 2897 and 1602 cm−1 correspond to hydrogen bond
stretching of α-cellulose, CH and CH2 of cellulose and C–O of lignin [18] in NTP.
The peaks at 1509, 1421 and 1028 cm−1 represent C=C stretching of aromatic rings,
methoxy (O–CH3) from lignin and symmetric C–O–C stretching of lignin [19]. The
composite on the other hand contains functional groups related to both NTP and
Fe3O4 nanoparticles. The hydrogen bond stretching shifted to 3256 cm−1, and a
reduction in the intensity and position of CH and CH2 cellulose peaks to 2913 cm−1

was observed. The C–O peak was also found to reduce in intensity and shifted to
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1627 cm−1 while theC–O–C stretching shifted to 1024 cm−1 indicating an interaction
between the Fe3O4 particles and oxygenated groups of lignin. The presence of Fe–O
and Fe–OH were indicated by a peak at 564 cm−1 [20, 21].

27.3.4 Effect of pH on the Adsorption of Cr(VI)
from Solution

The results indicate that the percentage of Cr(VI) removal for both adsorbents were
lower at higher solution pHs andhigher at lower solution pHs andNTP-NChadhigher
Cr(VI) removal than NTP (Fig. 27.2a, b). At lower solution pHs the dominant Cr(VI)
species are HCrO−

4 and Cr2O7
2− while the surface of the adsorbents is positively

charged due to accumulation of H+ ions. Therefore, two mechanistic pathways can
be proposed:

(i) Electrostatic interaction

X − COOH(s) + HCrO−
4 (aq) + H+(aq) → X − COOH+

2 − HCrO−
4 (s) (27.1)

X − 2COOH(s) + 2H+(aq) + Cr2O
2−
7 (aq) → X − 2COOH+

2 − Cr2O
2−
7 (s)

(27.2)

(ii) Adsorption coupled reduction mechanism

Cr2O
2−
7 (aq) + 14H+(aq) + 6e− → 2Cr3+(aq) + 7H2O(aq) (27.3)

HCrO−
4 (aq) + 7H+(aq) + 3e− → Cr3+(aq) + 4H2O(aq) (27.4)

Fig. 27.2 Plot of the amount ofCr concentration left in solution and the changes inH+ concentration
at different solution pH for a NTP and b NTP-NC
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The electrons required for the reduction process to occur (Eqs. (27.3) and (27.4))
are supplied by the electronegative atom in the functional group. Magnetite contains
both Fe2+ and Fe3+ species in its structure [Fe(II)Fe(III)2O4] and the Fe2+ present in
the structure acts as the potential reducing agent [22, 23] as shown below:

6Fe3O4(s) + 10H+(aq) + 2CrO2−
4 → 9γ − Fe2O3(s) + 2Cr3+(aq) + 5H2O(aq)

(27.5)

In this process the magnetite, Fe3O4 is converted to Fe2O3 which coats the mag-
netite surface and Cr(III) hydroxide produced is precipitated on the magnetite fur-
ther reducing its activity [24]. To prove which mechanism is predominant for Cr(VI)
removal using NTP and NTP-NC, the amount of Cr concentration left in solution
(total chromium, Cr(VI) and Cr(III)) and changes in H+ concentration were plotted
against different solution pH and the results are shown in Fig. 27.2a, b. It is known
that the reduction of Cr(VI) to Cr(III) consumes H+ and releases OH− which raises
the solution pH. The results for �H+ at the end of the adsorption revealed that the
values for �H+ were larger at lower initial solution pH’s (higher Cr removal) and
became small and almost constant above initial pH 4. These results indicate that
Cr(VI) removal was associated with the consumption of H+ (Eqs. (27.1)–(27.4))
and the higher removal of Cr(VI) for NTP-NC also corresponded with higher �H+.
Cr(VI) ion in acidic solution has a positive redox potential value and in the presence
of an electron donor becomes unstable and can be reduced to Cr(III) [25]. Before
adsorption, the initial concentrations of total Cr and Cr(VI) measured using atomic
absorption spectrometer and UV-Vis, respectively, were found to be very similar
(≈75 mg/dm3). After adsorption, the concentration of total Cr in the pH 1 solution
was observed to have reduced to 28.36 mg/dm3 for NTP and 21.56 mg/dm3 for
NTP-NC respectively, while the Cr(VI) concentrations were 0.40 mg/dm3 for NTP
and 10.66 mg/dm3 for NTP-NC. The difference can therefore be attributed to the
presence of Cr(III) produced by the reduction of Cr(VI). With solution pH 2, the
concentration of Cr(III) left in solution was lower than that of solution pH 1 for both
samples. The reason is that at pH 1 there is an abundance of H+ ions in solution
which accumulate on the functional groups on the adsorbent making the surfaces of
the adsorbent positively charged and repelling away the positively charged Cr(III)
ions from the adsorbent surfaces [26]. At solution pH 2, it is believed that there is less
accumulation of H+ ions at the adsorbent surfaces which led to reduced electrostatic
repulsion and increased adsorption of Cr(III) from solution. This increase in Cr(III)
adsorption is also confirmed by the reduction in total Cr in solution between solution
pH 1 and 2. However, the lower total Cr, Cr(VI) and Cr(III) left in the solution for
NTP-NC as compared with NTP suggest higher conversion of Cr(VI) to Cr(III) and
removal of Cr(III) from solution.
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27.3.5 FTIR Evidence for the Adsorption of Cr(III)

When Cr(III) is formed during adsorption-coupled reduction of Cr(VI), it undergoes
hydrolysis and/or complexation depending on the solution pHand the totalCr(III) and
may lead to the formation of various Cr(III) species [27]. As solution pH increases,
the solubility of Cr(III) reduces and the chances of Cr(III) precipitation increase. At
solution pH 1–4, Cr3+ and Cr(OH)2+ are the major species and at solution pH ranging
from 4–10, Cr(III) species (hydroxo complexes), such as Cr(OH)2+, Cr(OH)+2 and
Cr(OH)3 are the dominant forms which at higher pH is readily transformed into the
soluble complex, Cr(OH)−4 . After adsorption of Cr(VI) onto NTP for 2 h, the final
solution pH was 2.44. FTIR spectra of the unloaded NTP and Cr(VI) loaded NTP
show similar peaks with shifting, splitting and increase and decrease in intensities
of some peaks (Fig. 27.3). The differences between the Cr(III) loaded and unloaded
NTP are: (i) the –OH stretching at 3334.04 cm−1 which is reduced and shifted to
3326.98 cm−1; (ii) the C–H stretching at 2897.86 cm−1 which splits into three at
2876.33, 2885.89 and 2991.43 cm−1; (iii) the carboxylate and carbonyl stretching
at 1627.34 and 1602.99 cm−1 shifted to 1657.93 and 1602.83 cm−1 and (iv) the
appearance of a new peak at 1731.11 cm−1.

According to the proposal by the adsorption-coupled reduction mechanism, the
Cr(III) formedmay be complexed by ligands such as carboxylates of the biomaterial.
The reduction and shift observed in the –OH band are attributed to the C–O bonds
in cellulose and hemicellulose interacting with Cr(III) in solution. Vinodhini and
Nilanjana [28] made similar observation in the adsorption of Cr(VI) onto neem
sawdust. Reduction and splitting of the C–H peaks after Cr(III) adsorption have
been reported by Barbu et al. [29] and were attributed to Cr(III) after adsorption.
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Shift in the carboxylate and carbonyl peaks in the adsorption of Cr(III) has been
attributed to the carboxylate group coordinated bidentate and monodentate to the
Cr(III) cations in the NTP [29]. The complexation of Cr(III) by carboxylate groups
on marine macro-algae Laminaria digitata showing FTIR peaks in similar range
have been reported [27].

After adsorption of Cr(VI) onto NTP-NC for 2 h, the final solution pH was
observed to be 2.53, and the peak at 564.34 cm−1 was observed to have split into
several new peaks (Fig. 27.4). These emerging peaks are characteristic of Fe–O
bonds of maghemite (γ-Fe3O4), for example the characteristics peaks of maghemite
were observed at 595.21, 685.65 cm−1 [30, 31] and 582.70, 634.91 cm−1 [32] sug-
gesting a change in the iron oxide phase (Fe3O4 to γ-Fe2O3) due to the conversion
of Cr(VI) to Cr(III) by magnetite nanoparticles. According to Peterson et al. [24],
Cr(III)(hydr)oxide produced is precipitated on the magnetite surface. In this study,
Fe–O peak was observed to split into three peaks at 557.80, 572.53 and 594.13 cm−1

which was due to the presence of α-Cr2O3 in the NTP-NC surface indicating that
Cr(III) was formed during the adsorption process [33]. Finally, it was also observed
that the carboxylate group at 1627.69 cm−1 was broadened and was split into two
peaks at 1657.93 and 1609.37 cm−1 suggesting that complexation between Cr(III)
and carboxylate ions also occurred [29].

27.3.6 Adsorption Kinetics

The pseudo-first order kinetic model can be used to follow adsorption kinetics which
proceeds by diffusion through a boundary [34] and the non-linear form of the pseudo-



478 A. Pholosi et al.

first order model is given as:

qt = qe
(
1 − e−k1t

)
(27.6)

where qt and qe are the amount adsorbed at time t and at equilibrium and k1 is the
rate constant of the pseudo-first-order kinetic model. On the other hand, adsorption
processes that proceed by surface chemisorption are described by the pseudo-second-
order model [35] with the non-linear form:

qt = k2q2e t

1 + k2qet
(27.7)

The pseudo-nth order kinetic model was developed to determine accurately the
order of kinetic processes based on adsorption capacity instead of pre-setting the
order of the kinetics reaction. The pseudo-nth order kinetics has the advantage of
giving the accurate kinetic order. The expression for the pseudo-nth order is given
below [36]:

qt = qe − (
q(1−n)
e + (n − 1)knt

) 1
(1−n) (27.8)

The results of the batch kinetic experiments revealed that Cr(VI) removal by NTP
was lower than that for NTP-NC for all the concentrations of Cr(VI) applied in this
study (Tables 27.2 and 27.3). The higher capacities of the NTP-NC over NTP can be
attributed to its stronger ability to reduceCr(VI) toCr(III) and to complexCr(III) from
aqueous solution as observed from the lower concentrations of Cr(VI) and Cr(III)
left in solution for NTP-NC than for NTP after adsorption at pH 2. The pseudo-first
order rate constant, k1, was observed to increase with increasing initial concentration
of Cr(VI) in solution indicating that concentration gradient between the bulk solution
and the adsorbent surface is a major driving force for the adsorption process. The
pseudo-second-order rate constant, k2, was also found to increase with increasing
Cr(VI) concentration in solution and its values for NTP were lower than for NTP-
NC, signifying that Cr(VI) removal was based not only on the concentration gradient,
but on the surface area and the availability of active sites on the adsorbent surface
(Tables 27.2 and 27.3). When the values of pseudo-second-order rate constant, k2,
were compared with those of pseudo-nth-order rate constant, kn, it was observed that
for both samples, the values of k2 and kn were quite similar. It was also observed
that the values for the order of the kinetics, n, were all close to 2.0 for both samples.
Finally, initial sorption rate, h, of the pseudo-second-order model was observed to
increase with increasing Cr(VI) concentration in solution and its values were higher
for NTP-NC than for NTP.

These results again confirm the effect of surface area and variety of surface func-
tionality on the removal of Cr(VI) by NTP and NTP-NC respectively.
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Table 27.2 Kinetic data for the adsorption of Cr(VI) onto NTP

Kinetic model 25 mg/dm3 75 mg/dm3 100 mg/dm3 125 mg/dm3 150 mg/dm3

Pseudo-first order

Exp. q (mg/g) 0.87 2.20 3.39 5.22 7.01

Model q (mg/g) 0.80 2.07 3.19 4.88 6.58

k1 (min−1) 0.1620 0.3386 0.5144 0.8160 1.0934

r2 0.9931 0.9931 0.9889 0.9931 0.9885

Variable error 0.0017 0.0096 0.0333 0.0096 0.1358

Pseudo-second order

Exp. q (mg/g) 0.87 2.20 3.39 5.22 7.01

Model q (mg/g) 0.87 2.25 3.40 5.23 7.01

k2 (g mg/min) 0.1788 0.1975 0.2220 0.2336 0.2435

h (mg/g min) 0.1353 0.9998 2.5663 6.3896 11.9656

r2 0.9975 0.9986 0.9966 0.9990 0.9990

Variable error 0.00061 0.0019 0.0103 0.0067 0.0114

Pseudo-nth order

Exp. q (mg/g) 0.87 2.20 3.39 5.22 7.01

Model q (mg/g) 0.97 2.27 3.42 5.21 6.98

n 2.20 2.05 2.05 1.96 1.94

kn (min−1) 0.1713 0.1892 0.2097 0.2483 0.2680

r2 0.9976 0.9986 0.9966 0.9990 0.9991

Variable error 0.00069 0.0022 0.0119 0.0077 0.0130

27.3.6.1 Relationship Between Pseudo-Second Order Parameters
and Adsorption Performance

Wu et al. [37] described a parameter called the approaching equilibrium factor, RW ,
which gives a relationship between the pseudo-second-order model constants and
the characteristic kinetic curve. The approaching equilibrium factor, RW , is defined
as:

Rw = 1

1 + k2qetref
(27.9)

The characteristic adsorption curve is called approaching equilibrium in the range
1 > Rw > 0.1 (zone I); well approaching pseudo equilibrium in the range 0.1 > Rw

> 0.01 (zone II); and drastically approaching equilibrium when Rw < 0.01 (zone
III). For the adsorption of Cr(VI) by NTP and NTP-NC from Cr(VI) solutions of
concentrations 25–150 mg/dm3, the values of Rw were in the range of 0.1–0.01
for NTP and in the range 0.06–0.007 for NTP-NC. These results indicate that the
NTP/Cr(VI) system falls under zone II meaning that the adsorption system well
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Table 27.3 Kinetic data for the adsorption of Cr(VI) onto NTP-NC

Kinetic model 25 mg/dm3 75 mg/dm3 100 mg/dm3 125 mg/dm3 150 mg/dm3

Pseudo-first order

Exp. q (mg/g) 1.41 3.67 5.50 7.48 9.38

Model q (mg/g) 1.23 3.48 5.20 7.07 8.90

k1 (min−1) 0.2361 0.5216 0.8118 1.1514 1.4459

r2 0.9928 0.9861 0.9875 0.9873 0.9910

Variable error 0.0043 0.0495 0.0940 0.1701 0.1879

Pseudo-second order

Exp. q (mg/g) 1.41 3.67 5.50 7.48 9.38

Model q (mg/g) 1.48 3.71 5.53 7.50 9.40

k2 (g mg/min) 0.1875 0.2081 0.2281 0.2497 0.2561

h (mg/g min) 0.4107 2.8643 6.9755 14.0456 22.6290

r2 0.9960 0.9933 0.9990 0.9982 0.9997

Variable error 0.0024 0.0242 0.0080 0.0249 0.0069

Pseudo-nth order

Exp. q (mg/g) 1.41 3.67 5.50 7.48 9.38

Model q (mg/g) 1.49 3.71 5.54 7.50 9.35

n 2.04 2.00 2.02 2.01 1.96

kn (min−1) 0.1843 0.2078 0.2219 0.2461 0.3045

r2 0.9960 0.9933 0.9990 0.9982 0.9997

Variable error 0.0028 0.0282 0.0092 0.0290 0.0068

approaches equilibrium while the NTP-NC system falls within zone II and into zone
III meaning drastically approaching equilibrium. Therefore, the NTP-NC adsorbent
will approach equilibriumadsorptionofCr(VI)more strongly than theNTPadsorbent
in the removal ofCr(VI) fromaqueous solution.Kinetic performance of the adsorbent
can also be defined by the pseudo-second-order constant, k2qe (min−1). At the half-
life of the adsorption process (i.e. t = t0.5), we have qt = 0.5qe and

t0.5 = 1

k2qe
(27.10)

It is evident that k2qe is the only parameter of Eq. (27.10). The k2qe value is equal
to the inverse of the half-life of adsorption process, describing the actual meaning
of pseudo-second order adsorption parameter better. The calculated values of the
pseudo-second order rate parameter, k2qe, ranged from 0.16 to 1.71 min−1 for NTP
and 0.28 to 2.41 min−1 for NTP-NC as the initial concentration of Cr(VI) increased
from 25 to 150 mg/dm3. The higher rate parameter, k2qe, for NTP-NC suggests that
the removal of Cr(VI) from solution by NTP-NC is more rapid than those of NTP.
The rate parameter, k2qe, increases with the initial concentration of Cr(VI), initial
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sorption rate, h, and second-order rate constant k2, for NTP and NTP-NC. The half-
life of the pseudo-second-order model was found to be lower for NTP-NC than for
NTP at all Cr(VI) concentrations applied. These results indicate that when a given
mass of the adsorbent is contacted with a fixed concentration of Cr(VI), the ability
to reduce the initial Cr(VI) concentration to half its original value is greater for
NTP-NC than for NTP. The half-life was also observed to decrease with increasing
concentration for NTP (from 6.43 to 0.59min) and NTP-NC (from 3.60 to 0.42min).
In engineering practice, there is a need to draw a relationship between the operating
time and the amount of adsorption. The relationship can be expressed through the
relationship below:

tx = W

k2qe
(27.11)

where W = qt
(qe − qt)

(27.12)

Since the fraction of pollutant adsorbed can be defined as X = qt
/
qe and W =

X
/

(1 − X ), at equilibrium, qt
/
qe = 1,W = infinity and tx = infinity.AsX gradually

approaches 1,W and tx increase rapidly. The relationship between the operating time,
tx, and the metal ion adsorbed at each Cr(VI) initial concentration for NTP and NTP-
NC was determined. This information can be used to make decisions on scale up and
design purposes. The results revealed that the time taken to increase the fraction of
pollutant adsorbed fromX= 0.60 to 0.97 were all much shorter for NTP-NC than for
NTP at all Cr(VI) initial concentrations. It was also observed that the operating time
decreased with increasing concentration for both adsorbents. This means that shorter
operating times are required to achieve a desired fractional removal of pollutant as
initial Cr(VI) concentration increases due to the greater increase in pseudo-second
order rate constant, k2, with increase in initial concentration.

27.3.7 Diffusion Modelling

Diffusion of pollutant from aqueous solution onto porous materials plays a vital role
in the adsorption process since pollutants may need to reach active sites or surfaces
via diffusion processes.

27.3.7.1 External Mass Transfer Model

The external mass transfer rate constant was evaluated using the plot of Ct/C0 against
time for the adsorption of different concentrations of Cr(VI) onto NTP and NTP-
NC at the beginning of the adsorption period (0–3 min). The results revealed that
the value of ks increased with increasing Cr(VI) concentration for both samples,
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and the values of ks were higher for NTP-NC (Tables 27.4 and 27.5). This increase
can be attributed to the contribution of concentration driving force to the adsorption
process, meaning that, as initial concentration increases, the concentration driving
force is able to overcome the boundary resistance and causing an increase in the
external mass transfer. The higher values of ks for NTP-NC can be attributed to
the higher specific surface area which leads to the high external mass transfer rates
[38]. To determine the controlling process in the initial stages for both samples, the
initial sorption rates for the pseudo-first order (h1 = k1qe) and pseudo-second-order
(h2 = k2q2e) were determined and the values of h1, h2 and ks were plotted against
Cr(VI) concentrations for both samples. The plots in Figs. 27.5a–c show that only
the data points for ks against C0 gave linear relationships. This result signifies that
external mass transfer was the controlling factor over film diffusion at the initial
stage and the higher r2 values for Cr(VI) adsorption onto NTP-NC indicate the
higher participation of external mass transfer in the NTP-NC-Cr(VI) system.

Table 27.4 Kinetic data for the diffusion of Cr(VI) onto NTP

Diffusion model 25 mg/dm3 75 mg/dm3 100 mg/dm3 125 mg/dm3 150 mg/dm3

Mass transfer

ks (min−1) 0.0420 0.0584 0.0718 0.1000 0.1118

r2 0.9970 0.9672 0.8831 0.8155 0.7421

Intraparticle diffusion model

kp (mg g−1

min−0.5)
0.0809 0.1218 0.1106 0.1422 0.1143

C 0.2896 1.3430 2.814 4.2113 6.1681

r2 0.9151 0.8723 0.9411 0.8770 0.9648

Double-exponential model

KD1
(mmol/dm3)

0.2364 0.2297 0.2198 0.2084 0.2055

D1 (min−1) 0.00708 0.0132 0.0161 0.1867 0.0200

r2 0.9982 0.9921 0.9853 0.9828 0.970

KD2
(mmol/dm3)

0.0701 0.0872 0.0903 0.0911 0.0925

D2 (min−1) 0.00708 0.0132 0.0161 0.1867 0.0200

r2 0.9808 0.9475 0.9038 0.899 0.049

ke (m/min) 0.0418 0.0214 0.0186 0.0168 0.0158

ki (m/min) 0.0530 0.0556 0.0665 0.0827 0.0940

Effective diffusion

Di (cm2/s) 2.40 × 10−5 2.98 × 10−5 3.09 × 10−5 3.11 × 10−5 3.16 × 10−5

r2 0.9808 0.9475 0.9058 0.8828 0.8547
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Table 27.5 Kinetic data for the diffusion of Cr(VI) onto NTP-NC

Diffusion model 25 mg/dm3 75 mg/dm3 100 mg/dm3 125 mg/dm3 150 mg/dm3

Mass transfer

ks (min−1) 0.0802 0.1095 0.1318 0.1505 0.1558

r2 0.9355 0.9041 0.8286 0.7731 0.7055

Intraparticle diffusion model

kp (mg g−1

min−0.5)
0.0896 0.1241 0.1236 0.1322 0.1117

C 0.7689 2.7892 4.6211 6.5412 8.5654

r2 0.9072 0.9062 0.8923 0.9024 0.9483

Double-exponential model

KD1
(mmol/dm3)

0.2545 0.2340 0.2211 0.2183 0.2175

D1 (min−1) 0.0098 0.0170 0.0190 0.0200 0.0205

r2 0.9947 0.9858 0.9744 0.9687 0.9621

KD2
(mmol/dm3)

0.080 0.0957 0.0972 0.0985 0.0991

D2 (min−1) 0.0098 0.0170 0.0190 0.0200 0.0205

r2 0.9560 0.9207 0.8803 0.8631 0.8405

ke (m/min) 0.00250 0.00127 0.00092 0.00081 0.00078

ki (m/min) 0.0052 0.0054 0.0062 0.0068 0.0071

Effective diffusion

Di (cm2/s) 3.28 × 10−9 3.92 × 10−9 3.99 × 10−9 4.04 × 10−9 4.06 × 10−9

r2 0.9500 0.9267 0.8803 0.8631 0.8406

R² = 0.9445

R² = 0.98
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27.3.7.2 Intraparticle Diffusion

According toWeber andMorris [39], if the rate limiting step is intraparticle diffusion,
a plot of Cr(VI) adsorbed against the square root of the contact time should yield
a straight line passing the origin. The most widely applied intraparticle diffusion
equation for adsorption system is given by Weber and Morris [39]:

qt = kpt
0.5 + C (27.13)

where kp is intraparticle diffusion rate constant (mg g−1 min−1) and the intercept of
the plot, C, reflects the boundary layer effect or surface adsorption. The larger the
intercept, the greater the contribution of the surface adsorption in the rate-limiting
step. The results show that the values of kp were found to increase with increasing
Cr(VI) concentration but reduce at 150 mg/dm3 for both samples (Tables 27.4 and
27.5). The increase in kp with initial concentration can be attributed to increased
external mass transfer of Cr(VI) ions from aqueous solution to the adsorbent surface.
The value of the intercept, C, increased with increasing Cr(VI) concentration for
both adsorbents but NTP-NC had higher intercept values.

This means that contribution of surface adsorption to the rate limiting steps
increased for both adsorbents, but surface adsorption contributed more to NTP-NC
than onto NTP.

27.3.7.3 Double Exponential Diffusion (DED) Model

Double exponential diffusion (DED) model represents a two-step adsorption as pro-
posed by Wilczak and Keinath [40]:

qt = qe − D1

mads
exp

(−KD1 t
) − D2

mads
exp

(−KD2 t
)

(27.14)

where D1 and D2 are adsorption rate parameters (min−1) of the rapid and slow steps
respectively, and KD1 and KD2 are the mass transfer parameters (mg/dm3) controlling
the overall kinetics. The DEDmodel assumes that the rapid mass transfer coefficient,
KD1 , covers diffusion into both internal and external surfaces, while the slow step
mass transfer coefficient, KD2 , covers intraparticle diffusion alone. Both the external
(ke, m/min) and the internal (ki, m/min) mass transfer can be calculated from the
expressions below:

KD1 = (ke + ki)Se
mads

V

C0

C0 − Ceq
(27.15)
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KD2 = kiSi
mads

V

C0

C0 − Ceq
(27.16)

where Se and Si are the external and internal surface area (m2/g) while C0 and
Ceq are the initial and equilibrium concentrations of Cr(VI) (mg/dm3) and V is
the volume (dm3). This diffusion model describes a two-step adsorption mechanism
controlled by diffusion or a surface adsorption in which two different adsorption sites
are present. The results of this study show that the values of D1 and D2 indicating
the rate parameters of the rapid and slow steps were equal for both adsorbents at all
concentrations suggesting that the adsorption takes place on one type of adsorption
site [40].

The adsorption rate parameters, D1 and D2 for both adsorbents were observed
to increase with increasing concentration and the values were higher for NTP-NC
confirming the higher surface adsorption for NTP-NC (Tables 27.4 and 27.5). On the
other hand, the values ofKD1 in the rapid stage for both samples were found to reduce
with increasing concentration, with higher values for NTP-NC. This means that the
effect of mass transfer on the overall kinetics is reduced as concentration increases
for both samples and this can be related to the increase in surface adsorption with
concentration. The higher values of KD1 for NTP-NC can be attributed to the higher
effect of external mass transfer. The values of KD2 in the slow stage for both samples
were found to increase with increasing concentration and the values for NTP-NC
were higher. This result indicates that mass transfer parameter controlling the overall
kinetics increased with concentration in the slow stage. As concentration increased
the control of mass transfer on the overall kinetics in the slow step increased.

It is generally considered that about 30% of the total internal surface area is
near the outer region of the sorbent particle and this region is also classified as
part of the external surface [41] in which external and intraparticle diffusion are
involved in the mass transfer. The internal surface accounts for the remaining 70%
of the total surface area where mass transfer is controlled solely by intraparticle
diffusion. For this reason, the external mass transfer, ke, is controlled by both external
and intraparticle diffusion, while the internal diffusion, ki, is controlled solely by
intraparticle diffusion. The results obtained in this study showed that the values, ke,
decrease with increasing concentrations for both samples and the ke values were
larger for NTP (Tables 27.4 and 27.5). A decrease in the value of ke with increasing
concentration suggests that both external and intraparticle diffusion reduce the mass
transfer rate as concentration increases. The lower ke values for NTP-NC suggest a
stronger influence of external and intraparticle diffusion onmass transfer rate. On the
other hand, an increase in the value of ki with increasing concentration suggests that
intraparticle diffusion increases themass transfer rate as concentration increases. The
lower ki values for NTP-NC suggest a stronger influence of intraparticle diffusion
on mass transfer rate for NTP-NC.
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27.4 Conclusion

Magnetite coating of pine cone powder has been shown tomodify the kinetics, kinetic
performance and the mechanism of Cr(VI) adsorption onto its surface. The change
in solution hydrogen ion concentration (�H+) and amounts of total Cr, Cr(III) and
Cr(VI) left in solution pointed to the fact that the mechanism of Cr(VI) removal
was adsorption-coupled reduction which was slightly modified by the presence of
magnetite coating. The good fit of the kinetic data to the pseudo-second-order model,
pseudo-nth-order model and the external mass transfer suggests that both external
mass transfer and surface diffusion played an important role in the adsorption process
and their impact was stronger for NTP-NC than for NTP.
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Chapter 28
Photocatalytic Degradation
of Tetracycline Using C/TiO2 Composites
Synthesized via Different Hydrothermal
Methods

Ekemena O. Oseghe, Titus A. M. Msagati and Augustine E. Ofomaja

Abstract Composite materials consisting of pine cone-derived-carbon and TiO2

were prepared by three different hydrothermal methods [microwave (CT-MW), auto-
clave (CT-AC), and reflux (CT-R)] and by physical mixing (CT-PM). The purpose
of preparing these materials was to evaluate their photocatalytic performance in
tetracycline hydrochloride degradation under visible-LED light. The photocatalytic
performance of the materials based on their apparent rate constant (Kapp) was in a
decreasing order of CT-MW > CT-AC > CT-R > CT-PM. The Kapp of the materials
was observed to be inversely proportional to their electron-hole recombination rate.
The compositematerial prepared bymicrowavemethod (CT-MW) apart from its pho-
tocatalytic performance, is also more economical, based on the time and simplicity
of its preparation.

Keywords C/TiO2 composite · Hydrothermal synthesis · Photocatalytic
degradation · Tetracycline hydrochloride · Visible-LED light

28.1 Introduction

Pharmaceuticals meant to be elixirs of life have become harbingers of death. This
is because they disrupt the endocrine system, cause drug resistance and are toxic
to aquatic lives [1, 2]. Pharmaceuticals are generally used for different purposes by
animals and humans [3]. They are most times incompletely metabolized, resulting in
either its parent compoundor intermediate been excreted into the environment such as
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water. This makes them ubiquitous in surface water, some drinking water and ground
water [4]. Pharmaceuticals are persistent and bioaccumulate in the environment and
hence pose as threats to aquatic lives [5]. Based on their potential to negatively
impact humans and the environment, pharmaceuticals are classified as emerging
contaminants [6].

Tetracycline as a pharmaceutical has been globally and extensively used, hence its
traces and metabolites have been detected in the environment [7, 8]. It accumulates
in the environment and can cause adverse effects such as endocrine disruption and
antibiotic resistance. Therefore, it is classified as an emerging micropollutant [9].

Titania (TiO2) amongst semiconductor photocatalysts has been considerably
applied in the degradation of organic pollutants [10]. However, limitations of wide
band gap energy and fast electron-hole recombination rate have encouraged studies
on improving its photocatalytic efficiency [11]. One approach adopted over the years
to reduce the band gap energy and electron-hole recombination rate of TiO2 has been
to dope/loadwith eithermetals [12] or non-metals [13]. Carbon has been increasingly
investigated in themodification ofTiO2. This is because carbon can cause a red shift in
the absorbance and as well improve charge separation efficiency of carbon-modified-
TiO2 when compared to unmodified TiO2 [14]. Several hydrothermal methods for
preparing C/TiO2 composite have been reported. Rangel-Mendez et al. [15] reported
a reduced band gap energy and red shift in the absorbance of C/TiO2 synthesized by
microwave. Saud et al. [16] also synthesized C/TiO2 via the autoclave method and
reported an enhanced light absorption, improved charge separation and photocat-
alytic efficiency. Mu et al. [17] reported an improved photocatalytic activity of TiO2

modified with C60 derivative prepared by reflux. While some of the hydrothermal
processes are easy, time-saving, and economical, the reverse is the case for others.

To the best of our knowledge the optical properties and photocatalytic efficiency
of C/TiO2 synthesized via different hydrothermal methods have not been compared.
Therefore, in this study, we prepared composite materials consisting of pine cone-
derived-carbon and TiO2 via different hydrothermal methods. The synthesized mate-
rials were characterized and applied in the degradation of tetracycline hydrochloride
(TH) as model pharmaceutical under visible-LED light.

28.2 Experimental

28.2.1 Preparation of Carbon from Pine Cone

Pine cones obtained from Vaal University of Technology, Vanderbijlpark Campus,
SouthAfricawerewashed, dried at 90 °C for 48 h and pulverized.Approximately 10 g
of the ground sample was pyrolyzed intermittently at a microwave power of 1000 W
for 1 h in an inert environment. The pyrolyzed sample after cooling was washed with
ultra-pure water (3 × 50 mL) and ethanol before drying at 60 °C overnight.
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28.2.2 Synthesis of C-TiO2 Composite by Different Methods

Weighed masses (20 mg) of the obtained carbon (C) and 200 mg of commercial TiO2

(≥99%, Sigma Aldrich) were dispersed by sonication in a 15 mL solvent consisting
of distilled H2O and ethanol (≥95%, ACE) at 3:2 ratio. The resulting mixture was
stirred for 1 h at room temperature and was subjected to refluxing at 120 °C for 24 h.
The compositematerial after coolingwas recovered by centrifuging,washedwith 2×
20 mL distilled H2O and 20 mL ethanol and was dried in the oven overnight at 60 °C.
Thematerial obtained by thismethod (reflux)wasmarkedCT-R. The same procedure
was followed in preparing other composite materials except that the mixtures after
1 h stirring were microwave treated at 800 W for 5 min (CT-MW), or Teflon-sealed
autoclave treated at 140 °C for 4 h (CT-AC). The last composite material marked as
CT-PM was prepared by physically mixing 20 mg of C and 200 mg of TiO2.

28.2.3 Characterisations

ShimadzuXRD-7000X-ray diffractometer with a CuKα radiation (λ = 0.15406 nm)
was used to analyze the materials for phase and crystallinity. The morphology of the
materials was examined on a JEOL JEM-2010 and ZEISS Ultra/Plus FEG-SEM
instrument. Photogenerated electron-hole recombination rate of the materials was
analyzed using a Perkin Elmer LS 55 fluorescence spectrophotometer with an exci-
tation wavelength of 310 nm. The surface functional groups and binding energies of
the samples were investigated by Fourier transmission infrared (FTIR) spectrometer
(PerkinElmer spectrum 100 series attached to a universal ATR accessory) and X-ray
photoelectron spectroscopy (Thermo ESCALAB 250Xi) using monochromatic Al
Kα (1486.7 eV) source.

28.2.4 Photocatalytic Tests

Catalyst (20 mg) was dispersed in a 200 mL TH solution (5 mg/L) by sonicating for
5 min. The mixture was stirred in the dark for 45 min to attain sorption equilibrium
before irradiating (25 W visible-LED light strip) for 2 h. Aliquot of the mixture
was sampled after every 20 min, filtered using a 0.45 μm filter, and immediately
measured using a T80 + UV-vis spectrophotometer at 360 nm.
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28.3 Results and Discussion

Themorphology ofCT-MWis presented in Fig. 28.1. TheTEM(Fig. 28.1a) and SEM
(Fig. 28.1b) micrographs show that CT-MWpossess particles of different shapes that
are aggregated and agglomerated with characteristic interparticle voids. The average
particle size as obtained from the SEM micrograph was 47 nm. Figure 28.1c is the
energy dispersive X-ray (EDX) spectrum of CT-MW which clearly reveals that it
consists of titanium, carbon and oxygen only. SEM, TEM micrographs, and EDX
spectra of other materials are presented in Fig. 28.2. All materials showed similar
characteristic morphology and elemental composition.

Powder X-ray diffractograms which provide information on crystallite sizes,
phases, and percentage composition of the phases of the materials are presented
in Fig. 28.3. The materials possess peaks typical for polycrystalline anatase and
rutile phase of TiO2. No peak for carbon was identified in the diffractograms. This
might be due to the relatively lower scattering intensity of carbon compared to TiO2

which is more in terms of percentage composition. Seemingly similar system shows
the same trend in the result [18]. However, compared to the pristine TiO2 (25.74°),
the composite materials exhibited a shift in the peaks which is attributed to the
presence of carbon. The peaks of the materials shifted in the order of CT-AC > CT-
PM > CT-MW > CT-R with corresponding values of 25.45°, 25.32°, 25.27°, 25.21°
respectively. Anatase TiO2 peaks appeared at approximately 25.45°, 37.62°, 38.58°,

Fig. 28.1 a TEM micrograph, b SEM micrograph, and c EDX spectrum of CT-MW
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Fig. 28.2 TEMmicrograph of aCT-AC; bCT-R; cCT-PM; SEMmicrograph of dCT-AC; eCT-R;
f CT-PM; EDX spectrum for g CT-AC; h CT-R; i CT-PM

Fig. 28.3 X-ray
diffractograms of the
materials
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39.46°, 48.89°, 54.73°, 55.73°, 55.96°, 63.55°, 69.52°, and 75.01° which according
to JCPDS 21-1272, corresponds to (101), (103), (004), (112), (200), (105), (211),
(204), (116), (220), and (107) reflections respectively. Peak for rutile phase appeared
at 27.80° which corresponds to (110) reflection (JCPDS 21-1276). Scherrer’s equa-
tion (Eq. 28.1) was used to estimate the crystallite sizes, D, for anatase TiO2 phase.

D = Kλ

β cos θ
(28.1)

where K≈ 0.9 (Scherrer’s constant), λ = 0.15406 nm (wavelength of the X-ray), β is
the full width at half maximum height (FWHM) of the diffraction peaks, and θ is the
diffraction angle of the peaks. Values of β and θ were obtained from the anatase (101)
reflection. The estimated crystallite sizes for the composite materials synthesized via
different routeswere 23.31, 22.23, 21.21, and 19.76 nmcorresponding toCT-AC,CT-
MW, CT-PM, and CT-R respectively. The crystallite size (17.56 nm) of the pristine
TiO2 was found to be lower than the composite materials and therefore corroborates
the idea that carbon favours the growth of crystallite size. In order to estimate the
percentage of anatase and rutile in the materials Spurr and Myers equation [19]
adapted by Fagan et al. [20], was used (Eqs. 28.2 and 28.3).

%rutile = 1

1 + 0.8[IA/IR]
(28.2)

%anatase = 100 − %rutile (28.3)

where IA and IR represent peak intensities of the anatase (101) and rutile (110) reflec-
tions respectively. The differences in the estimated percentage content of anatase and
rutile amongst the compositematerials were insignificant (Table 28.1). However, CT-
MW showed the highest percentage of anatase (94.55%) and the least percentage of
rutile phase (5.45%).

The functional groups on the surface of the composite materials were identified by
Fourier transform-infrared (FTIR) analysis. Figure 28.4 shows the FTIR spectra of
the materials synthesized via different routes. Four distinct bonding peaks appearing
around 3304, 1600, 1038 and 953 cm−1 were observed. These peaks are ascribed to
surface adsorbed OH–, H2O, C–O, Ti–O bonds respectively. The peak appearing at

Table 28.1 Percentage TiO2
phase composition of the
composite materials

Samples Crystallite phase (%)

Anatase Rutile

CT-MW 94.55 5.45

CT-AC 94.33 5.67

CT-PM 94.24 5.76

CT-R 94.02 5.98
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Fig. 28.4 FTIR spectra of
the materials
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1038 cm−1 for the carbonaceous material is ascribed to C–O bonding [21]. This C–O
bonding peak of all the compositematerials aside fromCT-PM relatively disappeared
suggesting the formation of the Ti–O–C bond. It is therefore logical to infer that no
Ti–O–C bond was formed in the CT-PM because it is a physically mixed composite
material.

Information on the surface chemical composition and binding energies of the
surface elements in all the composite materials was obtained by XPS analysis.
Figure 28.5a shows the survey spectrum of all the materials. Three photoelectron
peaks at approximately 284, 458 and 529 eV corresponding to carbon (C 1s), tita-
nium (Ti 2p) and oxygen (O 1s) respectively were observed. Two obvious peaks
identified at around 458 and 464 eV on the Ti 2p spectrum of Fig. 28.5b are typical
for Ti 2p3/2 and Ti 2p1/2 of TiO2 respectively. All the composite materials had similar
binding energies.

The splitting between these two peaks for all the composite materials are 5.7 eV
and therefore refers to the normal state of Ti4+ in the materials [22]. Figure 28.5c
shows the spectrum of C 1s for all the composite materials after deconvolution. Three
peaks appeared around 284, 286, and 288 eV and correspond to C–C bond with sp2

orbital, C–O and C=O bonds respectively. These three peaks were observed in all the
composite materials except CT-MW (only two peaks). Figure 28.5d shows the peaks
for the O 1s spectrum at around 529.7 and 531.0 eV for all the materials attributed
to Ti–O and C=O respectively [21, 23]. An extra peak at 530.3 eV may be attributed
to the surface hydroxyl groups (–OH) from the loaded carbon as observed in the O
1s spectrum of CT-MW.

The photocatalytic performance of the materials was evaluated by carrying out
photodegradation experiments of TH solution (5mg/L) under visible LED light strip.
Figure 28.6a–c show the results of the photodegradation experiments. The result in
Fig. 28.6a shows that after 2 h of the experiment, TH degraded differently in the
presence of each material. The order of performance was CT-PM < CT-R < CT-
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Fig. 28.5 a XPS survey, b Ti 2p, c C 1s, and d O 1s spectra of the materials

MW < CT-AC with a corresponding percentage removal of 44, 50, 52, and 56%
respectively. Kinetics study on the photocatalytic performance of the materials was
carried by employing the linear pseudo-first order model (Eq. 28.4)

Ln
C

CO
= Kappt (28.4)

where C is the concentration of TH, Co is the initial TH concentration, Kapp is the
rate constant (min−1), and t is the duration of the photocatalytic experiment [24–26].
Figure 28.6b, c show that results obtained from the photodegradation experiment
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Fig. 28.6 a Photocatalytic degradation, b pseudo first order kinetics, c apparent rate constant of
TH degradation, and d photoluminescence spectra of the composite materials

fittedwell with the pseudo-first order kinetics. It is interesting to observe that CT-MW
exhibited the highest apparent rate constant (Kapp = 4.82 × 10−3 min−1) compared
to CT-AC which had Kapp of 4.51 × 10−3 min−1.

An inverse proportionality between theKapp (Fig. 28.6c) and electron-hole recom-
bination rate (Fig. 28.6d) of the materials was observed. Photoluminescence spectra
(PL) are obtained when there is photogenerated electron-hole recombination. The
higher the intensity of the PL spectra, the higher the electron-hole recombination
rate. The reverse occurs when the intensity of the PL spectra is lower [27]. Carbon in
a composite sample of a photocatalyst such as C/TiO2, C/BiOBr is reported to reduce
photogenerated electron-hole recombination rate since it acts as electron sink directly
or indirectly by promoting the formation of defects (oxygen vacancies) that act as
electron sinks [28–30]. TiO2 emission peaks appear at 424–485 nm for self-trapped
excitons and 530 nm typical for oxygen vacancy [25, 31]. From Fig. 28.6d, CT-MW
has the lowest self-trapped exciton and oxygen vacancy peaks and implies having
the least electron-hole recombination rate which was reflected in its photocatalytic
performance. This implies that the method of preparing C/TiO2 composite influ-
ences its electron-hole recombination and invariably reflected in the photocatalytic
performance of the materials.
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28.4 Conclusion

In summary, C/TiO2 was successfully synthesized by different hydrothermal meth-
ods. Sample CT-AC had the highest crystallite size of 23.31 nm, while CT-R had
the least crystallite size (19.76 nm). Not much difference was observed when the
percentage TiO2 phase of the materials was compared. However, CT-MW exhibited
the highest percentage of anatase TiO2.

All the synthesized compositematerials showedvariations in electron-hole recom-
bination rate. The differences in their electron-hole recombination rate were reflected
in their photodegradation performance (Kapp). Based on the photocatalytic perfor-
mance, simplicity, and time of material preparation, C/TiO2 prepared via microwave
in this study is favoured.
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Chapter 29
Antiulcer and Cluster
of Differentiation-31 Properties
of Cucumis melo L.
on Indomethacin-Induced Gastric
Ulceration in Male Wistar Rats

G. I. Adebayo-Gege, Bamidele J. Okoli, P. O. Oluwayinka, A. F. Ajayi
and Mtunzi Fanyana

Abstract Non-steroidal anti-inflammatory drugs (NSAIDs) usage has contributed
to the increase in morbidity and mortality rate in the population with peptic ulcer
disease and has led to the search of other means of treatment especially using dietary
substances as preventive measures. Our study, therefore, investigated the effect of
Cucumis melo aqueous extract on the indomethacin-induced gastric ulcer and the
role of the cluster of differentiation 31 (CD31) in angiogenic response in maleWistar
rats. Thirty male Wistar rats (130 ± 20 g) were divided into six groups (n = 5), viz
Group I (control), II (ulcer untreated), and III-VI (ulcer and treated with 25, 50,
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75 and 100% C. melo aqueous extract for two weeks). Animals were examined for
gastric acid secretion by titrimetricmethod, and the ulcer wasmeasured. Histological
analysis and immunohistochemistry staining for expression of CD31 were carried
out. Total gastric acidity was significantly decreased in the groups IV-VI (2.10 ±
0.18–1.03 ± 0.08 mEq/L compared to groups II (3.65 ± 0.15 mEq/L) and III (2.95
± 0.27 mEq/L), p < 0.05. However, no significant difference in total gastric acidity
in groups IV-VI compared to group I (1.04 ± 1.03 mEq/L) was observed. The ulcer
score was significantly decreased in the groups IV-VI compared to groups II and
III, and the incidence of ulcer was inhibited by 8.62, 47.59, 54.01, and 73.06% in
groups III, IV, V and VI, respectively. Histological assessment revealed a moderate
tomild ulceration in the gastric mucosa with few numbers of inflammatory cells in all
groups pre-treated with C. melo extract. Immunohistochemical localisation of CD31
nuclei in the gastric mucosa cells was significantly decreased in the group II with an
expression of 6.0% compared to group I (17.0%) and all the pre-treated groups with
the extract (14.0–29.7%). In conclusion, antisecretory properties of C. melo extract
at different concentrations were responsible for its anti-ulcer activity and accelerated
healing of gastric ulcer via angiogenic activities.

Keywords Cucumis melo · ad labtium · Gastric acidity · Histological assay ·
Inflammatory · Immunohistochemistry · Ulcer score

29.1 Introduction

The prevalence of NSAID-mediated gastrointestinal disorder has become a great
concern to scientists and the public at large. There are several mechanisms involved
in the mediation of non-steroidal anti-inflammatory drugs (NSAIDs), which include
gastric mucosal integrity, cellular spawning and migration at the ulcer edge, and
development of granulation tissue at the ulcer base, eventually leading to ulcer heal-
ing [1, 2]. Hence, the use of NSAIDs has become valuable therapeutic agents in the
treatment of arthritic conditions with increasing prevalence or formation of gastro-
duodenal ulcer [1, 3].

The process of angiogenesis plays unique roles in the formation of new blood
vessels, an essential component of granulation tissue maturation and wound healing.
It has been noted that to determine drugs that are potent in treatment against NSAIDs
assaults on the GIT, it must also exhibit or mediate angiogenic response [1]. There
are several synthetic anti-ulcer drugs for the treatment of NSAIDs induced ulcer;
however, they are costly and have serious side effects.Hence, the need for formulation
of dietary sources is imperative in the treatment of ulceration with less or no side
effect and less expensive.

Studies have shown over many decades that natural products from either animal
or plant sources are used for the treatment of gastrointestinal disorders [4]. Numbers
of plants-derived drugs are being used for prevention or treatment of GIT disorders
ranging from acute to chronic diseases. So many plants classified as fruits possess
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high vitamins, minerals, fibre, phytochemicals and antioxidants in their pulps, seeds
and rinds, yet were not given much attention in the diets of individuals especially in
Nigeria [5]. Their nutritive values and therapeutic potential were ignored, hence are
discarded or seen as unimportant [6].

Several plants belonging to the family of Cucurbitaceae have been found to pos-
sess an excellent deal of anti-inflammatory, antioxidant, wound healing properties,
for instance, luffa and cucumbers in different organic extracts have shown marked
anti-ulcer properties [7]. Cucumis melo L. belongs to the Cucurbitaceae family. The
ripe oval-shaped creamy yellowish fruit is delicious with a distinct aroma and a good
source of pro-vitamin A, riboflavin, thiamine, folic acid and vitamin C [8–10]. Phy-
tochemical screening of the seeds of C. melo reveals the presence of biologically
active metabolites such as chromone derivatives, glycosides, triterpenoids, and other
flavonoids [11–13]. The active principles in these extracts are principally antioxi-
dant prophylactic agents for both health and disease management [14], while the
seeds have lithotripsy, laxative, demulcent and cooling properties. In folk medicine,
kernel from the seed was used in the treatment of chronic eczema, renal disorders,
painful and burning micturition, ulcers in the urinary tract, jaundice, helminthic, car-
diovascular diseases, and tussive emesis [15–18]. Furthermore, the plant has been
reported with strong antiulcer activities, due to its antioxidant potential [19], and
anti-hyperlipidemic activity in triton induced hyperlipidemia was reported in rats as
equipotent [20]. Earlier studies on the Cucurbitaceae family showed that C. melo
pulp extract possesses anti-diabetic properties on streptozotocin induced diabetic rats
[21]. Adekunle andOluwo reported the anti-fungal potency ofC.melo onAspergillus
species,Mucor species, Phycomyces species and Rhizopus species [22]. Our study is
focused on investigating the anti-ulcer potential of C. melo with particular emphasis
on angiogenesis modulation by the expression cluster of differentiation 31 (CD31)
during the healing of indomethacin-induced gastric ulcer in male Wistar rats.

29.2 Materials and Methods

29.2.1 Chemicals and Reagents

Indomethacin (Medrel pharmaceuticals, India), buffered 10% formal saline solution,
0.9% saline solution, Na2CO3, phenolphthalein reagent, 0.1 N NaOH, and CD31
endothelial marker NCL-END (Novacastro laboratories, UK).

29.2.2 Preparation of C. melo Aqueous Extract

C. melo fruits were washed to remove dirt, then the thin yellow outermost pericarp
and the almost white fleshy mesocarp were cut into smaller pieces, and the seeds



504 G. I. Adebayo-Gege et al.

were removed. The pericarp and mesocarp were blended and filtered with a clean
sifter to separate the juice from the solid particles. The concentrated juice was diluted
with distilled H2O to give 75, 50, and 25% v/v solutions. Fresh preparations were
made daily.

29.2.3 Indomethacin-Induced Ulcer

The animals were pre-treated with different aqueous extract concentrations of C.
melo for two weeks. Prior to ulceration by oral gavage with 40 mg/kg body weight
of indomethacin, the animals were fasted for 24 h.

29.2.4 Experimental Animals and Design

Thirtymale albino rats ofWistar strain (weighing 130± 20 g)were obtained from the
National Veterinary Research Institute, Vom, Jos, Nigeria. They were housed in the
Central animal facility of the Faculty of BasicMedical Sciences, BinghamUniversity
to acclimatise for twoweeks, fed with standard feed andwater ad labtium. They were
maintained under standard laboratory conditions and were fed with commercially
formulated rat pellets and distilled water. After the acclimatisation period, the thirty
male Wistar strain rats were divided into six experimental groups (n = 5), viz.
Group I-control, II-ulcer untreated (indomethacin-induced gastric ulcer, INDo), III-
VI were treated with 25, 50, 75, and 100% C. melo aqueous extract for two weeks
prior to gastric ulcer induction, respectively. Figure 29.1 is a graphical summary of
the experimental design.

29.2.5 Acute Toxicity Test

On the day of treatment, the animalswere fasted overnight. Group I (control) received
sterile water, given orally. Experimental groups (III-VI) were orally treated with C.
melo aqueous extract at single doses of 25, 50, 75 and 100%, respectively. Animals
were observed individually for general behavioural and body weight changes, toxic
symptoms, and mortality during the first 30 min, periodically during the first 24 h,
and at daily intervals thereafter for a total of 14 days. At the end of 14 days study
period, all surviving rats were anesthetized and acute toxicity values (LD50) were
estimated [23, 24].
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Fig. 29.1 Graphical summary of experimental design

29.2.6 Relative Organ Weight

On day 14 of treatment, all surviving rats were anesthetized and carefully dissected
out and the absoluteweight of the stomachwas recorded. The relative stomachweight
of each surviving Wistar rat was then calculated as in Eq. (29.1) [25]:

Relative stomach weight =
(

Absolute stomach weight (g)

Body weight of rat on sacrifice day (g)

)
100 (29.1)

29.2.7 Estimation of Total Acidity

In a 25 ml conical flask containing 0.5 ml gastric juice, 2 drops of phenolphthalein
solution were added and titrated with 0.01 N NaOH until the appearance of purple
colour. The volume of NaOH consumed was also recorded and the total acidity was
calculated by using Eq. (29.2) below:

Acidity =
(
Volume of NaOH × Normality of NaOH

0.1

)
mEq/L/100 g (29.2)
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Table 29.1 Gastric lesions
rating criteria

Gastric lesions Criteria

Normal stomach 0.0

Punctuate hemorrhage or pinpoint ulcer 0.5

Two to more small hemorrhagic ulcers 1.0

Ulcers greater than 3 mm in diameter 3.0

29.2.8 Estimation of the Gastric Ulcer Scoring, Ulcer Index,
and Percentage Inhibition

After 4 h of gastric ulcer induction, the animals were sacrificed under anesthesia
while the stomachs were dissected along the greater curvature and washed with
normal saline. Gastric ulcer scoring was carried out by estimating the gastric lesions
formed based on the criteria of Alphin and Ward [26] (Table 29.1).

The ulcer index and percentage inhibitionwere calculated according to Eqs. (29.3)
and (29.4), respectively.

UI = UN + US + UP × 10−1 (29.3)

where, UI, UN, US and UP are the ulcer index, mean number of ulcers per rat, mean
severity score, and percentage of rat with ulcer, respectively.

Percentage inhibition =
(
Ul control − U1 Pretreated

U1 control

)
100 (29.4)

29.2.9 Histological Assay

The excised stomachs were washed in cold saline, fixed in 10% formalin overnight
and processed for routine paraffin embedding. Thereafter, stomach was 5 µm sec-
tioned,mounted on the slide, deparaffinised, rehydrated and stainedwith hematoxylin
and eosin (H and E). The stomach sections were viewed under a light microscope
(Olympus XSZ-107BN) at 100× magnification.

29.2.10 Immunohistochemistry

Selective imaging antigen study was done through the use of Avidin-biotin-
peroxidase complex (ABC) technique proposed by Hsu et al. [27]. Antigen was
masked during fixing and embedding procedures were unmasked by heat and treat-
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ment with 3,3′-diaminobenzidine solutions, followed by complexation of the pri-
mary antibodies to a specific binding protein. Visualization of CD31 was done using
a second step biotinylated antibody, followed by amplification with streptavidin-
horseradish peroxidase which converts the substrate diaminobenzidine into a brown
coloured precipitate at the site of reactionwhichwas observed as the positive reaction.

29.2.11 Evaluation of Immunohistochemistry Results

The expression of CD31 proteins, the intensity of staining and quantity of the stained
cells were evaluated in proportion to the ulcerated areas. Brown staining of the cyto-
plasmandnucleus of cellswere viewedunder 40×magnification.Areaof expressions
was quantified with immunohistochemistry image analysis toolbox (Image J) [28].

29.2.12 Statistical Analysis

The results were expressed as mean ± SEM, ANOVA was employed to compare
differences among variables. P-value was set at 0.05 to determine the level of sig-
nificance.

29.3 Results and Discussion

The world’s leading gastrointestinal disorder is both gastric and duodenal ulcers,
with about 10% of the world’s population affected [29]. The physiopathology of
ulcer disease is attributed to factors such as helicobacter infection, and generally the
mucosa defences [30]. Endogenous gastroprotective factors like nitric oxide (NO)
and prostaglandins (PGs), have been considered important regulators of blood flow
and mucus secretion [31, 32]. Damage caused by NSAIDs such as indomethacin
is said to be mediated via suppression of synthesis of gastric prostaglandins, and
increase in gastric acid secretion in animals and humans [33].

29.3.1 Effect of Aqueous Extract of C. melo on Relative
Organ Weight

In Fig. 29.2, the results on the effect ofC.melo aqueous extract on the relative stomach
weight of the rats induced with ulcer were presented. There was a significant increase
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Fig. 29.2 Effect of C. melo aqueous extract on the relative stomach weight of the ulcer induced
rats, p < 0.05. All values are expressed as mean ± SEM

in the relative stomach weight of the ulcer induced rats compared to the control, p <
0.05.

However, a significant decrease in relative stomach weight of all the rats treated
with the C. melo extract was observed compared with the indomethacin-induced
group. Consequently, an increase in extract dose results in a decrease in the relative
organ weight. It has been suggested from previous experiments in our laboratory
that alteration of the cyto-architecture of gastric mucosa increased intensive mucosal
edema, inflammation and ulceration via increase in the relative stomach weight and
treatment with C. melo decreased the relative weight.

29.3.2 Acute Toxicity Studies

The administration of C. melo aqueous extract at different doses to the animals
revealed no significant behavioural changes such as weakness and sluggishness in
the animals, nor mortality at the doses administered. Therefore, oral LD50 was not
determined because mortality was not observed.

29.3.3 Effect of C. melo Aqueous Extract on Total Gastric
Acidity

The activity of the extract on total gastric acidity of the animals induced with ulcer
is shown in Fig. 29.3. There was a significant increase in the total gastric acidity
of group II, on extract administration there was a significant decrease in the total
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Fig. 29.3 Effect of the C.
melo aqueous extract on the
total gastric acidity of the
animals induced with ulcer,
p < 0.05. All values are
expressed as mean ± SEM
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gastric acidity for groups IV, V and VI compared with group II, p < 0.05. However,
no significant difference was observed between groups II and III, as well as between
groups V, VI and I; but there was a significant increase in groups II-IV compared
with group I.

Studies have shown that analysis of the gastric acidity andmucosal integrity is used
to confirm the status of the stomach following exposure to pharmacological agents
[34]. The increase in total gastric acidity has been linked to increased hydrogen
ion concentration in gastric juice, and this is a primary cause of ulcer or gastric
damage [35]. Gastric injury is however attributed to erosion of mucin content which
is evident by reduction in defensive factors such as reducedmucus secretion, reduced
blood flow and ulceration facilitated by increased external aggressive agents (drugs,
chemicals) which enhance the aggressive internal factors on mucosal epithelial cells
[34, 36].

Increase in total gastric acidity with an increase in the relative weight of the
stomach following treatment with indomethacin indicates a significant alteration in
the balance of both aggressive and defensive factors all resulting in tissue dam-
age (Fig. 29.2), since endogenous prostaglandins have long been implicated in the
inhibitory regulation of gastric acid secretion [33].

This however indicated altered hydrophobicity and reduced protective ability of
mucosal membrane against indomethacin-induced ulceration.

29.3.4 Effect of the C. melo Aqueous Extract on the Ulcer
Score, Index and Percentage Inhibition

The ulcer score in the animals with induced indomethacin ulceration (group II) was
significantly high compared with the control (group I). Administration of different
concentrations of the extract significantly decreases the ulcer score towards control,
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Table 29.2 Effect of C. melo
aqueous extract on ulcer
score, index and percentage
inhibition of animals

Groups Ulcer score Ulcer index Percentage
inhibition

I (control,
distilled water)

0.00 ± 0.00 – –

II (40 mg/kg
INDo, b.w.)

5.80 ± 0.12 1.45 ± 0.03 –

III (25% C.
melo + INDo)

5.30 ± 0.29 1.33 ± 0.07 8.62

IV (50% C.
melo + INDo)

3.04 ± 0.14 0.80 ± 0.04 47.59

V (75% C.
melo + INDo)

2.68 ± 0.07 0.67 ± 0.02 54.01

VI (100% C.
melo + INDo)

1.68 ± 0.09 0.39 ± 0.04 73.06

compared with group II, p < 0.05. In group III, no significant difference in the ulcer
score compared with group II was observed as shown in Table 29.2.

From Table 29.2, the ulcer index decreases significantly in groups IV, V, VI com-
pared with groups II and III, p < 0.05. The percentage inhibition was significantly
increased in group VI. The incidence of ulcer was prevented on a dose-dependent
pattern.

The gastric ulcer score and ulcer index also revealed the inability of gastric
mucosal to withstand the hemorrhagic erosion of the indomethacin (Table 29.2).
This is in line with the reports of Beck et al., Chattopadhyay et al., and Muhammed
et al., where indomethacin was reported to have caused alterations in gastric secre-
tions of rats [36–38]. Treatment with different concentrations of extract decreased
the total gastric acidity and relative weight of the stomach, gastric ulcer score and
index. From the results, it showed a dose-dependent treatment as 100% of C. melo
caused more decrease in relative weight of stomach, gastric acidity and ulcer score
compared with both groups I and II, suggestive of their possible gastroprotective
attributes. Extracts of C. melo increased the percentage inhibition, which is consis-
tent with its ability to protect the gastric ulceration by indomethacin. There was an
increasing percentage of inhibition at the highest dose.

29.3.5 Histological Studies

The photomicrographs of rat stomachs after ulceration and treatment with C. melo
aqueous extract viewed at 100× magnification are presented in Plate 29.1. A signif-
icant decrease in the ulceration of the gastric mucosa of the stomachs of the animals
treated with different doses of the extract was observed. Administration of 100% C.
melo extract significantly decreased the ulcer formation compared with all groups.
The H and E stains show amild andmoderate erosion of mucosa of the stomach, with
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I (DW, control) II (40 mg/kg INDo,b.w) III (25% C. melo + INDO, b.w.)

An intact gastric mucosa Deep ulceration on the gastric mucosa, gastric 
pits (red arrow) and there was increased 
infiltration of inflammatory cells with extensive 
mucosal erosion extending to muscular external
(orange arrow)

Extensive mucosal erosion into the 
submucosa (red arrow), with damage 
to the gastric gland, high infiltration of 
inflammatory cells

IV (50%, C. melo + INDO) V (75% C. melo + INDO) VI (100% C. melo + INDO)

Moderate erosion of epithelial cells with a 
gastric pit (slender red arrow) and 
haemorrhage (thick red arrow) at the 
muscularis external and moderate 
infiltration of inflammatory cells

Moderate erosion of epithelial cells at the 
mucosal and submucosa with moderate 
infiltration of inflammatory cells

Mild erosion of the epithelial cells of the
 stomach and mild infiltration of 
inflammatory cells with a focal hemorrhage 
at the muscularis

Plate 29.1 Photomicrographs of rat stomachs after indomethacin-induced gastric ulceration and
treatments with C. melo aqueous extract 100× magnification

moderate or few infiltrations of inflammatory cells in all the treated groups compared
with I (control) and II (indomethacin-induced gastric ulcer group).

Evidence from the histological studies in the indomethacin-treated group showed
a deep ulceration extending to muscular mucosa with severe infiltration of inflam-
matory cells, hence confirming severe erosion on the stomach tissue (Plate 29.1) in
group II. Pre-treatment with the extract showed a moderate to mild erosion at the
epithelial layer, with moderate to mild infiltration of inflammatory cells at a dose-
dependent concentration. It is observed that increase in concentration of C. melo
extract from 25 to 100% reduced ulcer formation from moderate to mild.

29.3.6 Immunohistochemical Localisation of CD31 Nuclei

Plate 29.2 shows the effect of the aqueous extract on indomethacin-inducedulceration
on the immunohistochemical localisation of CD31. From this study, immunohisto-
chemical localisation of CD31 in group I indicates a mild percentage expression
of 17.0% and the percentage significantly decreased to 6.0% in group II, p < 0.05.
However, in groups III-VI, there was a significant increase in percentage expression
(19.9, 19.7, 29.7%) compared with groups I, II and III, p < 0.05.
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�Plate 29.2 Effect of C. melo aqueous extract on indomethacin-induced ulceration. Original image:
Photomicrograph of immunostained tissue with the expression of CD31, pseudo-coloured image:
percentage of positively stained nuclear area (labeling index) using colour deconvolution algorithms
separating stains; brown colour indicates localisation of CD31 expressionwhile blue stains indicate
the area of no expression. a Group I (control), immunohistochemical localisation of CD31 in
normal control with mild staining. Percentage expression is about 17.0%. b Group II (INDO),
mild positively stained CD31 significantly decreased compared with control both in number and
intensity of expression (about 6.0%). cGroup III (25%C.melo+ INDo) shows a significant increase
compared with groups I and II, moderate expression of about 14.0%. d Group IV (50% C. melo
+ INDo) and e Group V (75% C. melo + INDo) showed significant expression of CD31 of about
19.9 and 19.7%, respectively compared with I, II and III. f Group VI (100% C. melo + INDo)
expression is about 29.7%, a significant increase compared with all groups, p < 0.05

Combination of events which are genetically cell repair process including release
of preformed mucus, reduced gastric acidity, wound retraction re-epithelialization,
angiogenesis, and tissue remodeling has been implicated in ulcer-healing process
after toxicological injury [39]. Apart from the neutralization of luminal acid, the pro-
tective factors also offer protection against both endogenous aggressors and exoge-
nous gastro-toxic agents such as indomethacin, thereby enhancing the rate of local
healing process [40].

The process of angiogenesis is a re-growth of blood vessels into the ulcerated
area, i.e. essential for healing to take place as the increased flow of nutrients and
oxygen to the ulcerated or breached tissue accelerates the healing [41]. This initial
step is of utmost importance for healing to occur. The CD31 is a protein molecule
which is essential for leucocyte migration, angiogenesis and integrin activation [42].
Clinics and laboratories data have shown that NSAIDS induce gastric ulcer as well
as inhibit the process of gastroduodenal ulcers altering essential growth factors,
decreasing endothelium ontogenesis and angiogenesis in the ulcer bed [43]. Angio-
genesis involves a mutual reciprocation of cellular systems and is crucial in external
and internal wound healing process [44]. New blood vessels formation is modu-
lated by fibroblast growth factor and CD31 (proangiogenic factors), as well as endo-
statin (antiangiogenic factor).Disequilibriumproductionof the antiangiogenic versus
proangiogenic factors could impair angiogenesis and wound healing process [45].

Reports have shown that CD31 is recently recognized for its angiogenic role as
well as mediating endothelial cell migration in vitro [46]. Treatment with C. melo
extract gave the highest expression of CD31 on gastric mucosa of the stomach at
a dose of 100%. This indicates that the molecular process of ulcer healing by the
extractis via angiogenesis and this could be responsible for faster healing activity
observed in all the groups treated. However, it should be noted that angiogenesis is
critical for the improvement of gastric mucosa and prevention of ulcer relapse.
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29.4 Conclusion

In conclusion from our findings, we presume that the antisecretory properties of
C. melo in different concentrations were responsible for the anti-ulcer activity. The
observed suggestive mechanism by C. melo which accelerates gastric ulcer healing
could be via angiogenic activities. However, further studies should be carried out to
determine its dependent pathway or pattern.

Supplementary Materials Raw and treated data generated during study are available on reason-
able request from the corresponding author.
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Chapter 30
Presence of Polycyclic Aromatic
Hydrocarbons (PAHs) in Water
and Sediment from Owo River and Ologe
Lagoon: A Focus on Distribution, Source
Apportionment, Human and Ecological
Risk Assessment

Kafeelah Yusuf, Blessing Okolie and Akeem Aderibigbe

Abstract Polycyclic aromatic hydrocarbons (PAHs) are pollutants of concern due
to their toxic, persistent and long-term adverse effects to the aquatic life. This study
was undertaken to assess the human health and ecological risk of 16 PAHs in water
and sediments. 16 PAHs were analyzed in a total of 6 water and sediment samples.
The results obtained indicate the prevalence of high molecular weight PAHs in all
the samples. PAHs concentrations in water and sediment samples from all the sam-
pling sites were in the range of 182.53–218.02 ng/L and 9626.00–9885.67 ng/kg,
respectively. The toxic equivalent quantity (TEQ) value of all PAHs in sediments
in the range of 3.05–3.54 μg/kg was lower than the safe level (600 μg/kg). The
mean effects range median quotient (M-ERM-Q) for Owo river and Ologe lagoon
sediments were 1.19 × 10−2 and 1.40 × 10−2 indicating low probability (<10%
incidence) of acute toxicity caused by PAHs in the sediment. Health risk assessment
was conducted using incremental life time cancer risk (ILCR) models coupled with
benzo[a]pyrene toxic equivalent method. The exposure pathways considered in this
study were direct water ingestion and dermal contact under residential scenario. The
cancer risk was predominantly contributed (greater than 98%) by dermal exposure
rather than the oral in both adults and children. The total ILCR is found to be greater
than the low safety risk of 1-in-10,000. The results of the study will be useful for the
regulatory policy makers in understanding the actual impact of the contamination on
the end users.
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30.1 Introduction

The scarcity of water resources in Nigeria, combined with pollution by different
industries and lack of proper waste management, call for improved measures to
manage the release of PAHs into the aquatic environment. Lagos state lies to the
south-western part of Nigeria [1]. It shares boundaries with Ogun state both in the
north and the east and is bounded on the west by the Republic of Benin. In the
south, it stretches for 180 km along the coast of the Atlantic Ocean. Lagos state lies
between longitudes 20° 42′ and 30° 42′E and latitudes 60° 22′ to 60° 42′N. It is
the smallest state in Nigeria and occupies an area of about 3577 km2, out of which
787 km2 consists of lagoons and creeks. These water bodies act as sinks for the
disposal of industrial and domestic wastes from industries and homes located in the
Lagos metropolis. Lagoons play an important role in the drinking water supply and
irrigation of farmlands, thus the water quality is closely related to the public health.
However, available information about the risk assessment of lagoon water quality
on public health is very limited [2]. Ologe lagoon is a natural semi-enclosed fresh
water body situated about 30 km south west of Lagos on the Lagos-Badagry express
way. It is located in Oto-Awori in Ojo local Government Area, Lagos state, and the
indigenous inhabitants are theAworis.Ologe lagoon is bounded in the north by Igbesa
andAgbara inOgun state and Ijanikin town in Lagos state and in the south byGbanko
and Badagry creek. It lies between longitudes 6° 27′ and 6° 30′N and latitudes 3° 2′
and 3° 7′E with a surface area of 9.4 km2 and a mean depth of 2.5 m [1]. Towo-Owo
is a nearby town that has a river called Owo river, the major freshwater inlet into
the lagoon, with a catchment area of approximately 1122 km2 above Agbara and
the river is tapped for drinking water supply by the Lagos State Water Corporation
at Ishasi. The outlet of the lagoon is on a section of the coastline which discharges
into the Atlantic Ocean (25 km away). The lagoon plays an important role in the
drinking water supply and provides a source of living to some inhabitants through
transportation, agricultural food, fishing activities and irrigation of farmlands for
local residents, thus the water quality in this lagoon can greatly influence the health
of local residents. The lagoon is subjected to threats from human activities, among
which are open defecation, sand dredging, domestic waste dumping by inhabitants at
the banks and discharge of effluents byAgbara Industrial Estate which is increasingly
fiercewith the rapid development of industry, agriculture and urban construction over
the last 25 years.

Sewage of industrial plants, agricultural and urban runoffs, aquaculture industry
and other human activities are possible sources of PAHs [3, 4]. PAHs can adversely
affect not only human health through drinking water but also sensitive species of
organisms [4]. A great amount of PAHs may enter the water bodies, and accumu-
late, bio-accumulate or bio-magnify in food chains [4, 5]. The negative impacts on
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human health and the ecosystem due to their teratogenic, carcinogenic and muta-
genic characteristics may be caused by the accumulation of high levels of PAHs
in environmental compartments [6]. Meanwhile, the negative impacts may even be
greater in the aquatic environment [7]. Although the water quality of Owo river and
Ologe lagoon is closely related to the health of local residents, limited data concern-
ing the risk assessment of PAHs in the waters of Owo river and Ologe lagoon are
available. Owo river and Ologe lagoon play a key role in the drinking water sup-
ply and source water for agricultural and industrial activities in the area. In recent
years, Agbara town in Lagos has developed into a major area for industrial transfer;
various kinds of industry, such as heavy chemicals, textile, electrical, foods and bev-
erages and pharmaceutical, have settled there. Consequently, the immense pressures
on the ecological integrity and freshwater resources which occurred via the process
of industrial transfer have received increasing concern.

The quantitative identification of possible sources and contributions of PAH con-
taminants among the water and sediments are essential for better understanding of
the cycling and fate of PAHs and are of great significance regarding the control of
PAHs in aquatic environments. Therefore, the objectives of this work were to study
the distribution characteristics of PAHs, carry out a human health and ecological risk
assessment, identify possible sources of the 16 PAHs in the water and sediments and
estimate the implications of PAH loadings to ecosystem and human health.

30.2 Materials and Methods

30.2.1 Materials and Chemicals

Merck silica gel was used for column chromatography. Dichloromethane, n-hexane
and acetone 99.5% were obtained from Aldrich; solvents were double distilled
to remove impurities. Sodium chloride, anhydrous sodium sulphate, sodium car-
bonate, analytical grade pyrene (Pyr), acenaphthene (Ace), benzo[a]anthracene
(BaA), benzo[a]pyrene (BaP), benzo[b]fluoranthene (BbF), benzo[ghi]perylene
(BghiP), dibenz[a,h]anthracene (DahA), fluoranthene(Flu), fluorene (Fl),
indeno[1,2,3-cd]pyrene (InP), naphthalene (Nap) and phenanthrene (Phe) were
supplied by Aldrich.

30.2.2 Sampling Area, Sampling and Sample Preparation

Sediment and water samples were collected from six sampling points of the Owo
river and Ologe lagoon in October and November 2017. The study area comprises
predominantly sedimentary and basement rocks complex. The sampling positions
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Table 30.1 Location and primary characteristics of sampling sites

Sampling site Longitude Latitude Full description

1 6°25 and 6°31 N 3°1 and 3°5 E The wastewaters contain suspended
solids, inorganic acids, bases; metals,
degradable and non-biodegradable
organics, oils and greases

2 6°27 and 6°30 N 3°2 and 3°7 E The effluent discharged altered the
physical, chemical and biological nature
of Owo river

3 6°27 and 6°31 N 3°4 and 3°9 E The ecological balance of the river was
disturbed along the watercourse

4 6°29 and 6°31 N 3°6 and 3°9 E Increased in industrial activities led to
further deterioration of the water quality
entering the Ologe lagoon

5 6°25 and 6°30 N 3°6 and 3°9 E The lagoon was under pollution stress due
to the prevailing harsh conditions,
especially high temperature, restricted
benthic diversity and development fauna
of an intertidal ecosystem. No industry
sited upstream

6 6°25 and 6°31 N 3°1 and 3°3 E Human activities are reduced to bathing
and fishing. The site served as reference
point due to absence of discharge into the
river

were located using a global positioning system, specific latitude/longitude of the
samples along with basic characteristics and information as listed in Table 30.1.

Wastewater effluent samples were collected from Agbara wastewater treatment
plant (WWTP). The samples were transported in ice chests and kept in the laboratory.
The water samples were kept at 4 °C as recommended for PAH samples before anal-
ysis. Sediment samples were placed into polyethylene plastic bags and transported
in a similar fashion as the water samples. In the laboratory, sediment samples were
air-dried, homogenized, ground with an agate pestle and mortar, and sieved with
0.5 mm analytical sieves.

30.2.3 Extraction and Analysis of PAHs

Liquid-liquid extraction was used for the extraction of PAHs in water samples, as
described inAPHA[8].A500ml samplewas saturatedwith 75gNaCl and transferred
to a separatory funnel. PAHs in the samplewere extracted three times using n-hexane.
After vigorous shaking, the extract was dehydrated using anhydrous sodium sulfate,
and concentrated to 2.0 ml with a rotary evaporator at 35–40 °C. Soxhlet extraction
was used for the extraction of sediment samples [9]. Ten grams of sediment sample
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wereweighed into an extraction thimble,which had been pre-extractedwith amixture
of n-hexane and dichloromethane, placed in a Soxhlet extractor and extracted with
250 ml of n-hexane and chloromethane mixture (1:1 v/v) for 16 h. The extract was
concentrated to about 5.0 ml using a rotary vacuum evaporator.

The clean-up of water and sediment samples was performed using the method
outlined by Kafilzadeh [10] where silica/alumina column chromatography was used
for clean-up and separation of water and sediments. Saturated aliphatic and aromatic
hydrocarbons were washed with 20 ml of n-hexane and 30 ml of a mixture of hexane
and dichloromethane (90:10) (v/v) respectively. The volume of the eluted fraction
was reduced to 1 ml and then the aromatic hydrocarbon fraction was injected into
a gas liquid chromatograph equipped with a mass spectrometer detector (GC-MS)
[11]. Analyses of PAHs were performed using a 7890A series, Agilent gas chro-
matograph coupled to 5975C Mass Selective Detector. Column oven temperature
was programmed from 40 to 310 °C with initial temperature maintained for 5 min,
then 15 °C/min to 100 °C, then 10 °C/min to 210 °C and to a final temperature of
310 °C at 5 °C/min. The GC was fitted with a HP-5 MS low bleed capillary column
(30 m × 0.320 mm i.d., 0.25 μm film thickness). The carrier gas was helium. Vol-
ume injected = 1 μl. The entire 16 PAHs were analyzed and their concentrations
were reported as μg/kg dry weight for the sediment and ng/L for water samples. The
chromatograms showing the PAHs in water and sediment samples are presented in
Fig. 30.1a, b.

30.2.4 Quality Assurance/Quality Control (QA/QC)

The quality assurance/quality control was performed using the method outlined by
Yavar-Ashayeri et al. [12] where the analytical method validation was performed
using the analysis of samples spiked with a known amount of analytes measured
in duplicate. The average recovery for the spikes in sediments and water samples
ranged between 85–96, and 92–97%, respectively. Therefore, analytical accuracy is
within the order of 10%. No amount of the target PAHs was found in the procedural
blank samples. For each PAH, the limit of detection (LOD) was considered as the
sample concentration corresponding to three times the standard deviation of the areas
obtained in six injections of the solution with the lowest concentration used for the
calibration curve. The estimated limit of quantification (LOQ) was considered to be
three times the LOD.

30.2.5 Toxic Equivalency Factor (TEF)

ByTEFmethod, the toxicity of each PAHcongener compoundwas expressed relative
to the reference compound BaP or in other words, the concentrations of all PAH
compounds were transformed to a BaP equivalent concentration. This methodology
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Fig. 30.1 Typical sample chromatogram of the PAHs in water (a) and sediment (b)
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Table 30.2 Toxic
equivalence factors (TEFs)
for individual PAHs relative
to BaP [13]

Compound TEF Compound TEF

Naphthalene (Nap) 0.001 Benz[a]anthracene
(BaA)

0.1

Acenaphthene (Ace) 0.001 Benzo[b]fluoranthene
(BbF)

0.1

Fluorene (Fl) 0.001 Benzo[a]pyrene
(BaP)

1

Phenanthrene (Phe) 0.001 Indeno[1,2,3-
cd]pyrene
(InP)

0.1

Fluoranthene (Flu) 0.001 Dibenz[a,h]anthracene
(DahA)

1

Pyrene (Pyr) 0.001 Benzo[g,h,i]perylene
(BghiP)

0.001

has been adopted for risk for PAHs [5]. Toxic equivalents of BaP were calculated by:

TEQBaPeq =
∑

TEFi × Ci (30.1)

where

TEFi Toxic equivalency factor for a PAH compound;
TEQBaPeq Toxic equivalents of a benzo[a]pyrene reference compound or BaPequiv-

alent concentration for all PAH compounds;
Ci Concentration of individual PAH compound.

Toxic equivalency factor for each PAH and calculated TEQ values are shown in
Table 30.2. TEFs by Nisbet and LaGoy [13] were adopted.

30.2.5.1 Exposure Assessment

The exposure routes for PAH contaminated water and sediment considered for expo-
sure assessment in this study were: direct water ingestion and dermal contact. Expo-
sure assessment was performed for two age groups: adults of age 21–70 years and
children of age 0–5 years. This is to enable clear distinction in risk output results.
Exposure dose for dermal contact was calculated using Eq. 30.2 [14]:

DAD = (DAevent × EV × EF × ED × SA)/(BW × AT) (30.2)

DAevent-Water contact = 2 × FA × Kp × Cw × √
(6 × τevent) × tevent/π

DAevent = Cs × CF × AF × ABSd
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Exposure due to direct ingestion of contaminatedwater was quantified by Eq. 30.3
[15]:

CDI = (Cw × IR × ED × EF)/(BW × AT) (30.3)

where

DAD dermally absorbed dose (mg/kg-day),
DAevent absorbed dose per event (mg/cm2-event),
EV event frequency (events/day),
EF exposure frequency (days/year),
ED exposure duration (years),
SA skin surface area available for contact (cm2),
BW body weight (kg),
AT averaging time or time over which exposure is averaged (days),
FA fraction absorbed water (−),
Kp dermal permeable coefficient (cm/h),
τevent lag time per event (h/event),
tevent event duration (h),
CF conversion factor (cm3/L),
CDI chronic daily intake (mg/kg-day) and
IR ingestion rate (L/day).

For the point estimates of human risk, the mean values were considered. For
example, input parameters for adultswere taken as:BW:49.29kg,ED: 25years,CF=
1000 cm3/L, EF: 350 days/year, Kp: 0.69 cm/h, tevent: 0.484 h, τevent: 2.69 h/event, SA:
19,771 cm2, IR: 1.38 L/day, AT: 25550 days, EV: 1 event/day, FA: 1.0. Similarly for
children the values were: BW: 10.22 kg, ED: 2.5 years, CF = 1000 cm3/L, EF:
350 days/year, Kp: 0.69 cm/h, tevent: 0.77 h, τevent: 2.69 h/event, SA: 5838 cm2, IR:
0.65 L/day, AT: 25550 days, EV: 1 event/day, FA: 1.0.

30.2.5.2 Toxicity Assessment

Toxicity of each PAH congener was represented with the toxicity of BaP compound.
The average oral cancer slope factor (CSFO) of BaP was taken as 7.27 for risk
calculations [16].

The dermal cancer slope factor was calculated using Eq. 30.4 [14]:

CSFABS = CSFo/ABSGI (30.4)

where

CSFO oral cancer slope factor (mg/kg-day),
CSFABS dermal cancer slope factor (mg/kg-day), and
ABSGI gastro intestinal absorption factor (Dimensionless)
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The ABSGI value for BaP is taken as 0.31 [16].

30.2.5.3 Risk Characterization

Incremental life time cancer risk for oral ingestion was calculated fromEq. 30.5 [15]:

ILCRO = CDI × CSFO (30.5)

whereas incremental life time cancer risk for dermal contact was calculated from
Eq. 30.6 [14]:

ILCRD = DAD × CSFABS (30.6)

where

ILCRO oral incremental life time cancer risk, and
ILCRD dermal incremental life time cancer risk.

30.2.5.4 Toxicity Assessment in Sediment

The concentrations of the effects range low (ERL) and effects range median (ERM)
were applied to evaluate the impact of individual PAHs on the aquatic sediment
ecosystem [17, 18]. Principally, the concentrations were compared with the ERL and
ERM [19]. In addition, the mean ERM quotients (mERMQ) were also implemented
in the present study to further investigate the combined ecological risk of PAHs
(Eq. 30.8).

ERMQi = Ci/CERMi (30.7)

mERMQ = �(ERMQi)/n (30.8)

where CERMi is the corresponding quality value of the ERM for individual PAHs.
According to Long and MacDonald [20], the mERMQ can be divided into four
categories (<0.1, 0.11–0.50, 0.51–1.50, and >1.50), which were identified as low,
medium-low, medium-high, and high-priority risk, respectively, and coincided with
≤10, 25–30, 46–53, and ≥75% incidences of ecological risk, respectively.
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Table 30.3 Concentration of the 12 individual PAHs and � 12 PAHs in the water and wastewater
samples (ng/L)

PAH No of rings Owo river Ologe lagoon Industrial
wastewater

Mean SD Mean SD Mean SD

Nap 2 BDL BDL BDL

Ace 2 10.14 4.43 3.34 1.37 4.01 0.08

Fl 3 17.67 3.30 12.72 7.28 14.84 5.17

Phe 3 7.63 4.09 8.47 3.78 11.41 8.59

Flu 4 6.86 4.83 9.77 1.65 6.45 0.57

Pyr 4 5.88 5.78 4.54 1.86 5.15 0.07

BaA 4 7.14 5.17 8.16 2.72 12.11 7.90

BbF 5 19.27 9.07 11.08 3.04 20.00 0.00

BaP 5 11.30 6.15 34.46 19.72 14.07 5.94

InP 6 26.67 9.43 35.00 5.00 20.00 0.00

DahA 5 33.33 4.71 25.00 5.00 70.00 50.00

BghiP 6 43.33 20.55 30.00 10.00 40.00 20.00

Mean PAHs 17.20 7.05 16.59 5.58 19.82 8.94
∑

Total PAH 189.22 182.53 218.02
∑

Total PAHCarc 133.91 135.54 164.07

Total LPAH 35.44 24.52 30.25

Total HPAH 153.78 158.01 187.77

LPAH/HPAH 0.23 0.16 0.16

Flu/Flu + Pyr 0.54 0.68 0.56

InP/InP + BghiP 0.38 0.54 0.33

BaA/228 0.03 0.04 0.05

30.2.6 Statistical Analysis and Risk Assessment

The software of SPSS statistics (version 16) was applied for data statistical analysis
as shown Tables 30.3 and 30.4.

30.3 Results and Discussion

30.3.1 Concentrations and Distribution of PAHs

PAHs do not usually exist as separate entities in environmental media; they are
often regarded as a mixture and the total concentration of their mixture is often
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Table 30.4 Concentration of the 12 individual PAHs and � 12 PAHs in the sediment (ng/kg)

PAH No of rings Owo river Ologe lagoon

Mean SD Mean SD

Nap 2 351 459.42 BDL

Ace 2 529.83 172.96 665.00 248.81

Fl 3 684.00 242.37 660.00 317.75

Phe 3 288.17 14.04 453.00 131.13

Flu 4 494.83 209.27 399.00 231.63

Pyr 4 230.50 40.38 458.25 107.45

BaA 4 344.00 195.30 256.00 157.46

BbF 5 1000.00 0.00 835.00 466.76

BaP 5 1000.00 0.00 1075.00 466.70

InP 6 1718.33 614.01 1000.00 805.36

DahA 5 1745.00 892.59 2250.00 794.36

BghiP 6 1500.00 707.11 1574.75 693.01

Mean PAHs 823.81 295.62 875.09 401.86
∑

Total PAH 9885.67 9626.00
∑

Total PAHCarc 6963.33 6734.75

Total LPAH 1853.00 1778.00

Total HPAH 8032.67 7848.00

LPAH/HPAH 0.23 0.23

Flu/Flu + Pyr 0.68 0.47

InP/InP + BghiP 0.53 0.39

BaA/228 1.51 1.12

used to describe their distribution. 16 PAHs recommended by the United States
Environmental Protection Agencies (US EPA) were investigated in this study but
only 12 of them were diagnosed in water and sediment samples during the course of
this study while the other 4 were below detectable limits. To assess the sensitivity of
the instrument the detection limits were calculated. The calculated LOD and LOQ
ranged between 0.01–0.05 and 0.03–0.71 ng/L, respectively.

30.3.1.1 Surface Water

The concentrations of the individual PAHs in Owo river and Ologe lagoon water var-
ied between 5.88 and 43.33 ng/L and 3.34 to 35.00 ng/L respectively (Table 30.3).
Owo river water (189.22 ng/L) recorded higher total PAH levels than Ologe lagoon
(182.53 ng/L) suggesting discharge of anthropogenic wastes as major source of con-
taminants [21]. As can be seen in water samples, the highest concentration was
related to benzo[ghi]perylene (6-ring PAH). According to the results, the concentra-
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tion of highmolecular weight (4–6 ring) polycyclic aromatic hydrocarbons (HPAHs)
in water samples of Owo river and Ologe lagoon were higher than low molecular
weight (2–3 ring) PAHs (LPAHs) as shown in Fig. 30.2a. The concentration (ng/L)
of LPAHs in Owo river and Ologe lagoon water samples were 35.44 and 24.52
while HPAHs recorded were 153.79 and 158.01 respectively. The wastewater efflu-
ent fromAgbara industrial treatment plant had the highest total PAHs of 218.02 ng/L.
Therefore, the wastewater effluent from the treatment plant can be regarded as point
source of PAHs contamination to the Owo river. This reasoning can be supported
by Edokpayi et al. [22] who reported total PAHs in the range of BDL to 7.51 mg/L
in wastewater effluent. This source was regarded as one of the contributors of PAH
loadings into river sources. Therefore, wastewater treatment facilities in this study
can be regarded as point source of PAHs contamination to the river.

The average total PAHs (�PAHs) in water from this study are comparable to the
Pearl RiverDelta in SouthChina (180 ng/L) [23], but higher than those in SeineRiver,
France (20 ng/L) [24] and water in the Yellow River Delta, a newly born wetland
in China (121.3 ng/L) [25], Mvudi River (0.126–7.510 ng/L) and Nzhelele River
(BDL–7.805 ng/L) [22], and lower than those in Jiulong River Estuary and Western
Xiamen Sea, China (17,050 ng/L) [26], Tonghui River, Beijing, China (762.3 ng/L)
[27], and Lagos lagoon water, Nigeria (5730 ng/L) [28]. PAHs contamination in
water may be classified into 4 degrees: low polluted 10–50 ng/L; slightly polluted
50–250 ng/L; moderately polluted 250–1000 ng/L; and highly polluted ≥1000 ng/L
[29]. According to this classification, all the water samples in this study are slightly
polluted. The average concentration of individual compounds inOwo river andOloge
lagoon water were in the order:

Fig. 30.2 Total LPAH and
HPAH in water (a) and
sediment (b) samples of
Owo river and Ologe lagoon
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Owo river: BghiP > DahA > InP > BbF > Fl > BaP > Ace > Phe > BaA > Flu > Pyr.
Ologe lagoon: InP > BaP > BghiP > DahA > Fl > BbF > Flu > Phe > BaA > Pyr >
Ace.

30.3.1.2 Sediments

The sediment samples were expressed as dry weight (dw) as presented in Table 30.4;
the levels of PAHs determined in Owo river and Ologe lagoon sediments varied
between 230.50 to 1745 ng/kg and BDL to 2250 ng/kg respectively. The concen-
trations of PAHs were higher in the sediments of both river and lagoon than in the
water samples. This is due to the hydrophobic nature of PAHs [22]. PAHs tend to
adsorb on the surface of sediments because they are not soluble in water. Similar to
observed compositions of PAHs in surface water, HPAHs are more dominant in the
sediments than LPAHs (Fig. 30.2b). The major source of HMW PAHs can be linked
to anthropogenic activities [22]. Some HMW PAHs such as benzo[a]pyrene and flu-
oranthene are carcinogenic and mutagenic to a wide variety of organisms including
fish, birds and mammals [22]. Nasher et al. [30] reported the prevalence of HMW
PAHs in water collected around Langkawi Island in Malaysia. They attributed their
findings to anthropogenic activities such as incomplete fuel combustion and vehicle
engine emissions. Zhao et al. [31] andOkedeyi et al. [32] also reported the prevalence
of HMW PAHs in their studies around Mai Po inner deep bay of Hong Kong and
coal fired power plants around Mpumalanga, Free State and Gauteng Provinces, in
South Africa, respectively. The comparisons of Total PAHs obtained in this study
and different parts of the world are presented in Tables 30.5 and 30.6. The �PAHs
contamination in the sediments were categorised into four classes: low (0–100 ng/g),
moderate (100–1000 ng/g), high (1000–5000 ng/g) and very high (>5000 ng/g) [29].
Thus, the � PAHs contamination of sediments in this study may be assessed as
low level. The average total PAHs (� PAHs) in sediments for this study shows that

Table 30.5 Concentration ranges and mean values of PAHs (ng/L) in the water collected from
different rivers and lagoons worldwide

River, country Range
∑

PAHs Mean
∑

PAHs Reference

Owo river, Nigeria 5.88–43.33 17.20 This study

Ologe lagoon, Nigeria 3.34–35.00 16.59 This study

Rivers in Heyuan, China 92.8–324 180 [24]

Rivers in Northern France-Belgium BDL–6610 [34]

Wyre river, England 2.7–20 [35]

Tiber river, Italy 1.75–608 90.5 [36]

Rivers in Shanghai, China 46.5–460 113 [37]

Daliao river, China 71.1–4255 749 [38]

Maozhou river, China 13–1212 292 [39]
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Table 30.6 Concentration ranges and mean values of PAHs (ng/g) in the sediment collected from
different rivers and lagoons worldwide

River, country Range
∑

PAHs Mean
∑

PAHs Reference

Owo river, Nigeria 0.23–1.75 0.82 This study

Ologe lagoon, Nigeria 0.26–2.25 0.88 This study

Rivers in Heyuan, China 55.7–381 186 [24]

Rivers in Northern France-Belgium 3750–22300 [34]

Huveaune river, France 572–4235 1966 [40]

Paranagua estuarine, Brazil 0.6–63.8 [41]

Tiber river, Italy 36.2–545.6 155.3 [36]

Rivers in Shanghai, China 249–36198 3328 [37]

Daliao river, China 375–11588 3700 [38]

Maozhou river, China 28–1051 458 [39]

Dongjiang river, China 100–3400 880 [42]

Erjien river, Taiwan 22–28622 737 [43]

the overall contamination level of � PAHs was lower than those reported for the
sediments from Pearl River Delta, South China (55.7–381 ng/g) [23], Tiber River,
Italy (36.2–545.6 ng/g) [33], Paranagua Estuarine, Brazil (0.6–63.8 ng/g) [34], Erjien
River, Taiwan (22–28,622 ng/g) [35], Huveaune River, France (572–4235 ng/g) [36].

Correlation analysis reveals that BbF (r= 0.790, p < 0.05) and Fl (r= 0.888) cor-
related positively in the water and sediments, BghiP (r= −0.854), BaA (r= −0.823)
correlated negatively but significantly in the water and sediments. Other PAHs did
not show any significant correlation.

30.3.2 Identification of PAH Sources

PAHs can be used to identify the sources of pollutants [23, 37]. The sources of PAHs
can either be petrogenic i.e. released from petroleum products or pyrogenic due to the
combustion of biomass. Diagnostic ratios have been designed and used to distinguish
the sources of PAHs due to their stability, physical and chemical attributes [22]. The
most commonly used ratios for the source identification of PAHs are presented in
Tables 30.3, 30.4 and 30.7.

Tables 30.3 and 30.4 shows the diagnostic ratios of the PAHs obtained in this
study and their possible sources. The ratio (Low Molecular Weight PAHs)/(High
Molecular Weight PAHs) gave values of <1 for all the sampling sites supporting the
fact that the source of the PAHs was more likely to be due to the combustion of
biomass. Also, the use of Flu/(Flu + Pyr) ratio gave values of >0.5, which further
confirms a pyrogenic source. Otherwise, values of <0.4 would have implied that the
source of the PAHs was due to the use of petroleum products. Burning of farmland
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Table 30.7 Molecular diagnostic ratios and possible sources of PAHs in the environment

Diagnostic ratio Petrogenic Pyrogenic Reference

LMW/HMW >1.0 <1.0 [44]

Ant/(Ant + Phe) <0.1 >0.1 [45]

Flu/(Flu + Pyr) <0.4 ≥0.5 [46]

Flu/Pyr <1.0 >1.0 [47]

InP/(InP + BghiP) <0.2 >0.5 [46]

BaA/228 <0.2 0.2–0.35 [43]

Fuel combustion Grass/coal/wood combustion

for agriculture and refuse is a common practice around the study area. Generally, the
source of PAHs in both river and lagoon systems and the wastewater treatment plants
(WWTPs) can be attributed to pyrogenic activities although petrogenic contribution
cannot be ruled out.Most PAHs that are persistent in environmentalmedia are usually
from pyrogenic sources rather than petrogenic sources.

30.3.3 Human Health Risk Assessment

30.3.3.1 Toxic Equivalency Factor (TEF)

Toxic equivalency factor for each PAH and calculated TEQ values are shown in
Tables 30.8 and 30.9. According to the Canadian soil quality guidelines for protec-
tion of ecosystem and human health carcinogenic effects of PAH, a safe TEQcarc
value should be <600 ng/g [20]. In this study, no sample was found to be above the
threshold. The total TEQcarc values calculated for Owo and Ologe water samples
were 49.90 ng/L with an average of 9.99 ng/L and 64.90 ng/L with an average of
13.00 ng/L respectively (Table 30.8). Among the 16 PAH congeners, DahA was the
major contributor to the TEQ concentrations in Owo river water, Owo river sediment
and Ologe lagoon sediment (accounting for 66.73, 57.38 and 63.74%, respectively),
followed by BaP (22.65, 32.78 and 30.59%, respectively). However, BaP was the
major contributor to the Ologe lagoon water (53.16%), followed by DahA (38.52%).
Based on TEQ analysis, DahA and BaP are the risk pollutants in the aquatic envi-
ronment.

30.3.3.2 Point Estimates

Dermal exposure assessment is considered in risk assessment when the ratio of the
dermal adsorbed dose and chronic daily intake (DAD/CDI) exceeds 10% [14]. From
the results shown in Table 30.10 the values of DAD/CDI ratio estimated were much
higher than 10% in both adults and children. The ratio was higher in adults compared
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Table 30.8 Toxic equivalency factors and BaP equivalent concentration for PAHs in water (ng/L)

PAH No of rings TEFa Owo river Ologe
lagoon

Owo river Ologe
lagoon

Mean Mean TEQi TEQi

Nap 2 0.001 BDL BDL BDL BDL

Ace 2 0.001 10.14 3.34 1.01 × 10−2 3.34 × 10−3

Fl 3 0.001 17.67 12.72 1.77 × 10−2 1.27 × 10−2

Phe 3 0.001 7.63 8.47 7.63 × 10−3 8.47 × 10−3

Flu 4 0.001 6.86 9.77 6.86 × 10−3 9.77 × 10−3

Pyr 4 0.001 5.88 4.54 5.88 × 10−3 4.54 × 10−3

BaA 4 0.1 7.14 8.16 0.714 0.816

BbF 5 0.1 19.27 11.08 1.93 1.11

BaP 5 1 11.30 34.46 11.3 34.5

InP 6 0.1 26.67 35.00 2.67 3.50

DahA 5 1 33.33 25.00 33.3 25

BghiP 6 0.001 43.33 30.00 4.33 × 10−2 3.00 × 10−2

∑

TEQBaPeq

50.0 65.0

∑

TEQBaPeqcarc

49.9 64.9

Mean
TEQBaPeqcarc

9.99 13.00

SD
TEQBaPeqcarc

12.3 14.00

aNisbet and LaGoy [13]

to children implying that adults can have more dermal exposure to contaminants for
the same concentration of the PAHs.At the concentration levels of PAHs in this study,
the risk of getting cancer by adults by drinking the contaminated water over a period
of 25 years is about four-in-onemillion (3.50× 10−6) and five-in-onemillion (4.55×
10−6) for Owo river and Ologe lagoon respectively while the dermal contact is about
four-in-ten thousand (3.52 × 10−4) and about five in ten thousand (4.55 × 10−4)
respectively. In both children and adults, the mean values of oral, dermal and total
risk were observed to be higher than the US EPA allowable risk of one-in-onemillion
(Table 30.10). In each exposure route, adultswere found to be at higher risk levels than
children by one order of magnitude. This could be due to adults having higher values
of skin surface area, exposure duration and ingestion rates. As the contaminants are
organic in nature, human skin cannot act as an effective barrier. Average dermal
risk alone was contributing 98.88 and 98.75% (Owo river), and 99.13 and 98.79%
(Ologe lagoon) of the overall risk in adults and children respectively (Table 30.10).
It is highly recommended that the residents of the Owo river and Ologe lagoon do
not use this water where the dermal contact is possible. Generally, an acceptable risk
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Table 30.9 Toxic equivalency factors and BaP equivalent concentration for PAHs in sediment
(ng/g)

PAH No of rings TEFa Owo river Ologe
lagoon

Owo river Ologe
lagoon

Mean Mean TEQi TEQi

Nap 2 0.001 0.351 BDL 3.51 × 10−4

Ace 2 0.001 0.530 0.665 5.30 × 10−4 6.65 × 10−4

Fl 3 0.001 0.684 0.660 6.84 × 10−4 6.60 × 10−4

Phe 3 0.001 0.288 0.453 2.88 × 10−4 4.53 × 10−4

Flu 4 0.001 0.495 0.399 4.95 × 10−4 3.99 × 10−4

Pyr 4 0.001 0.231 0.458 2.31 × 10−4 4.58 × 10−4

BaA 4 0.1 0.344 0.256 3.44 × 10−2 2.56 × 10−2

BbF 5 0.1 1.00 0.835 0.10 8.35 × 10−2

BaP 5 1 1.00 1.08 1.00 1.08

InP 6 0.1 1.72 1.00 0.172 0.10

DahA 5 1 1.75 2.25 1.75 2.25

BghiP 6 0.001 1.50 1.57 1.50 × 10−3 1.57 × 10−3

∑

TEQBaPeq

3.05 3.54

∑

TEQBaPeqcarc

3.05 3.53

Mean
TEQBaPeqcarc

0.610 0.707

SD
TEQBaPeqcarc

0.667 0.865

aNisbet and LaGoy [13]

Table 30.10 Point estimates of incremental life time cancer risk

Owo river DAD
(mg/kg-
day)

CDI
(mg/kg-
day)

DAD/CDI
(%)

Oral risk Dermal
risk

Total risk

Adults 1.49 ×
10−5

4.79 ×
10−7

3131.5 3.50 ×
10−6

3.52 ×
10−4

3.56 ×
10−4

Children 2.70 ×
10−6

1.09 ×
10−7

2477.1 7.92 ×
10−7

6.33 ×
10−5

6.41 ×
10−5

Ologe
lagoon

DAD
(mg/kg-
day)

CDI
(mg/kg-
day)

DAD/CDI
(%)

Oral risk Dermal
risk

Total risk

Adults 1.94 ×
10−5

6.23 ×
10−7

3113.96 4.55 ×
10−6

4.55 ×
10−4

4.59 ×
10−4

Children 3.49 ×
10−6

1.41 ×
10−7

2617.02 1.03 ×
10−6

8.18 ×
10−5

8.28 ×
10−5

DAD Dermal adsorbed dose, CDI chronic daily intake
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of 10−6 (more conservative) was set by the US EPA for comparison of actual risk.
However, the values of 10−4 and 10−5 have been considered for allowable risk [38].
When a value of 10−4 was considered as a screening value, the risk from direct water
ingestion was observed to be acceptable in both children and adults but the risk from
dermal contact was acceptable for children only indicating that dermal exposure may
be posing a considerable health risk to adults.

The present study shows higher dermal risk than oral in both age groups, as well
as a higher overall cancer risk in adults than children. This is similar to report by
Rajasekhar et al. [38] that the cancer risk is predominantly contributed (greater than
98%) by dermal exposure than the oral in both adults and children. Sarria-Villa et al.
[39] found that for PAH contaminated water, risk by dermal contact was more than
risk by direct water ingestion in both children and adults, and adults were at a higher
risk than children. Wu et al. [40] have also shown that children are at lower risk than
adults for exposure to PAH contaminated drinking water.

30.3.4 Ecological Risk Assessment

Ecological risk assessment is of paramount importance when developing sediment
quality criteria that aimed to determine whether the sediment associated contami-
nants impaired the aquatic system. PAHs levels in the sediments were compared with
the US National Oceanic sediment quality guidelines [41]. Table 30.11 shows the
recommended ERL (effect range low) and ERM (effect range median) target values.
Values above the recommended ERM values indicate the likelihood of occurrence of
high negative toxic effect in that area. Mild toxic effect is expected if the PAHs con-
centrations range between ERL and ERM values [20]. No negative effect is expected
for PAH concentrations lower than ERL values. From the results, the � PAHscarc
in Owo river and Ologe lagoon sediments varied between 0.23 and 1.745 ng/g, and
BDL and 2.25 ng/g respectively which were significantly less than the ERL value of
� PAHscarc defined in Table 30.11. However, simultaneous and long-time exposure
to a mixed of PAH compounds can contain various adverse biological effects on
organisms and aquatic system. Consequently, M-ERM-Q can be used to assess the
likely combined toxicity or biological risk for exposure to mix of PAHs in sediments.
From the results,M-ERM-Q amounts were lower than 0.1, indicating low probability
for negative biological effects in this study.

30.4 Conclusions

The profile of PAHs revealed that the dominant PAHs within the water and sediment
samples were high molecular weight compounds. Sediment samples were more con-
taminated than the water samples. Wastewater from the treatment plant is regarded
as a potential source of PAHs in both river and lagoon waters and sediments. Results
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Table 30.11 Concentrations of PAHs (ng/g) in Owo river and Ologe lagoon sediment and toxicity
guidelines

PAH SQG Owo river Ologe lagoon Owo river Ologe lagoon

ERL ERM C/ERM C/ERM

Nap 160 2100 0.351 BDL 1.67 × 10−4 –

Ace 16 500 0.530 0.665 1.06 × 10−3 1.33 × 10−3

Fl 19 540 0.684 0.660 1.27 × 10−3 1.22 × 10−3

Phe 240 1500 0.288 0.453 1.92 × 10−4 3.02 × 10−4

Flu 600 5100 0.494 0.399 9.69 × 10−5 7.82 × 10−5

Pyr 665 2600 0.231 0.458 8.88 × 10−5 1.76 × 10−4

BaA 261 1600 0.344 0.256 2.15 × 10−4 1.60 × 10−4

BbF 320 1880 1.000 0.835 5.32 × 10−4 4.44 × 10−4

BaP 430 1600 1.000 1.075 6.25 × 10−4 6.72 × 10−4

InP 240 NA 1.718 1.000 NA NA

DahA 63.4 260 1.745 2.250 6.71 × 10−3 8.65 × 10−3

BghiP 430 1600 1.500 1.574 9.38 × 10−4 9.84 × 10−4

∑
PAHs 3444.4 19,280 11.009 10.027

∑
PAHscarc 1483.4 5340 6.963 6.734

M-ERM-Q 1.19 × 10−2 1.40 × 10−2

from diagnostic ratios favour a pyrogenic source of PAH pollution. Human health
risk assessment study for exposure to PAHs in water and sediment indicates average
dermal risk contributes 98.88 and 98.75% (Owo river) and 99.13 and 98.79% (Ologe
lagoon) of the overall risk in adults and children respectively. With the exception of
dermal exposure posing health risk in adults, other age groups are not potentially at
risk when the least conservative value of allowable risk of 10−4 is set as the screening
criteria. Adults are at higher risk of one order of magnitude compared with children
in oral and dermal exposure routes. It is found that adults are the sensitive receptors
compared to the children. This finding is important since there is a general tendency
to think that children are the most vulnerable due to low body weights.
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Chapter 31
Leaching of Cobalt from Gypsum Using
Nickel Eluate

Chongo Mwenya and Melvin M. Mashingaidze

Abstract Gypsum is a waste product of the iron precipitation stage of cobalt purifi-
cation in many cobalt extraction plants. Most cobalt producers either landfill the
gypsum or sell it cheaply to cement manufacturers. The gypsum contains residual
cobalt which can be extracted through sulphuric acid leaching but the cost of the sul-
phuric acid is prohibitive. Leaching using recycled acidic liquors like nickel eluate
offers an economical alternative. This study investigated the technical feasibility of
leaching gypsum with nickel eluate, which is an acidic waste stream from the nickel
ion exchange plant at the specific cobalt producer. This study also established the
optimum pH and solids concentration for nickel eluate leaching. Nickel eluate leach-
ing tests and sulphuric acid leaching tests were conducted on a one-factor-at-a-time
experimental design basis. pH and pulp densities were varied while temperature,
time and agitation speed were kept constant. Cobalt recoveries from the two sets
of tests were compared. In both cases the mean recoveries were ≥90%. Thus, on
the basis of high cobalt recoveries, nickel eluate leaching of cobalt from gypsum is
highly feasible despite a significant difference at the 5% level in cobalt recoveries
from leaching with sulphuric acid. Optimum cobalt recoveries for both tests occurred
at a pH of 0.5 and 50% solids. Nevertheless, it is advisable to leach at a pH of 1 and
30% solids to limit costs, corrosion of equipment and the toll on the agitators in the
leaching tanks due to high pulp viscosity.
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31.1 Introduction

The role of hydrometallurgy regarding the extraction of valuable metals from vari-
ous sources has been increasing in recent years [1]. Hydrometallurgical processing,
according to Ghosh and Ray [2], and Gupta [1] involves four significant stages:

1. The metal of interest is first transferred from the solid feed material into an
aqueous solution by a process referred to as leaching.

2. Separation of solids and liquids (solid-liquid separation) follows leaching.Undis-
solved solids, referred to as leach residue, are separated from the leached solution.
This is usually carried out in thickeners.

3. The metal-bearing solution, referred to as the pregnant leach solution, must then
be concentrated and purified to remove impurities and increase the concentration
of the valuable metal. Examples of concentration and purification unit processes
include solvent extraction, ion exchange and carbon adsorption.

4. The metal must then be recovered from the purified solution in the solid state.

Common recovery processes include electrowinning and chemical precipitation.
Leaching is the most fundamental step in hydrometallurgical processing. It

involves preferential dissolution of metal from a host rock (mineral), concentrate,
calcine or secondary source by contacting with an active chemical solution known as
a leaching reagent or lixiviant [1]. In a leaching process, attention is focused on the
chemical reactions that result in the dissolution of themetallic species. The following
properties of the leaching reagent are particularly important [2]:

1. It must be highly selective of the required metal, leaving the unwanted elements
undissolved.

2. The leaching reagent must be relatively cheap.
3. It must have the ability to be regenerated for recycling.
4. It should not be corrosive to materials used in plant construction.

Gupta [1] identified the general conditions likely to favor dissolution, in addition
to selection of a suitable leaching reagent. These may be derived from the thermo-
dynamic data presented in the form of Pourbaix diagrams. Thermodynamic consid-
erations are important in leaching in that they provide basic guidance in choosing
the combination of reagents and their considerations so as to obtain favourable free
energy changes associated with any proposed reaction. Ghosh and Ray [2] further
suggest that kinetic considerations are of far greater importance than thermodynamics
in hydrometallurgy. According to them on account of the relatively low temperatures
of operation used, hydrometallurgical processes are generally associated with low
reaction rates, unlike in pyrometallurgy where high temperatures are used and the
reactions are rapid.
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31.2 Leaching and Extraction

31.2.1 Leaching Agents

Ghosh and Ray [2] identified the most common leaching reagents as water, acids and
bases. Dutta et al. [3] include aqueous salts to the list of common leaching reagents.
In order to increase leach efficiencies, reducing and oxidizing agents are sometimes
used during leaching [3]. These reagents, including reducing and oxidizing agents,
are discussed in this section.

31.2.1.1 Water

Water is the cheapest leaching reagent and is non-corrosive [2]. However, it is rarely
employed as a solvent because very few compounds are soluble in it. Some common
compounds that dissolve in water include copper sulphate (CuSO4), zinc sulphate
(ZnSO4) and most compounds of alkali metals. Dutta et al. [3] reported that poor
grade copper sulphide ores transform slowly into water soluble sulphate under atmo-
spheric conditions and can be recovered by simple leaching. The general equation
for water solvation of metallic ions is shown in Eq. 31.1 [3]:

MeX(s) = Me2+(aq) + X2−
(aq) (31.1)

31.2.1.2 Mineral Acids

Mineral acids, chiefly sulphuric acid, are the most common leaching reagents [2].
Baba et al. [4] evaluated rutile leaching in hydrochloric acid and the findings char-
acteristically show the impact of agitation rate, acid strength, and temperature and
particle size on dissolution kinetics. Sulphuric acid (H2SO4) is widely used due to
its low cost relative to other acids and its ability to be regenerated during electrolysis
[3]. It is widely used for a variety of metal sources. These include simple and com-
plex oxides, sulphides, selenides, tellurides, silicates, phosphates and a number of
others. The simple ores are generally leached with dilute acid at ambient or elevated
temperatures. The concentrated acids on the other hand, are employed for leaching of
more complex refractory ores and sources [5]. Other acids used include hydrochloric
acid (HCl) and nitric acid (HNO3).

31.2.1.3 Bases and Salts

Several bases are routinely employed in many leaching operations. Common exam-
ples include sodium hydroxide (NaOH) and ammonium hydroxide (NH4OH) [6].
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NaOH is mainly used for leaching of bauxite in aluminium production. Ammonia
(NH3) is sometimes used for leaching of copper, nickel and cobalt due to their ten-
dency to form soluble ammonia complexes. Salts are commonly used in leaching
due to their complexing abilities. Examples are sodium cyanide (NaCN), sodium
chloride (NaCl), calcium chloride (CaCl2) and sodium carbonate (Na2CO3).

31.2.1.4 Oxidants

Oxidants such as pure oxygen, hydrogen peroxide (H2O2), ferric ion (Fe3+) and
chlorine gas (Cl2) are used when reduced compounds are needed to be oxidised dur-
ing leaching. Ventor and Boylett [6] studied the use of oxidation agents in uranium
leaching and observed that uranium in the tetravalent state (U4+) had very low solu-
bility in acid and alkaline solutions and needed to be oxidised to the hexavalent state
(U6+) to become soluble. Uranium in typical uranium bearing minerals occurs in the
tetravalent and hexavalent oxidation states. In acid leaching of uranium, the uranium
is oxidised by ferric iron, which in turn is reduced to ferrous iron [6].

31.2.1.5 Reductants

Reductants enhance the solubility of metals, which have been solubilised to a lesser
extent using only leaching reagents [7]. Examples of reducing agents include ferrous
ions, sodium metabisulphite (Na2S2O5), hydrogen peroxide and sulphur dioxide.
Reducing agents such as sulphur dioxide and sodium metabisulphite have been used
in the leaching of cobalt. Meshram et al. [7] observed that sodium bisulfite addition
results in better recovery of cobalt and manganese by reducing them to their lower
oxidation states. They also observed that cobalt dissolution increases with increasing
sulphuric acid concentration from 0.5 to 3 M. Mwema et al. [8] conducted cobalt
leaching laboratory tests at 40 °C and pH 4.05 in spent electrolyte with sulphur
dioxide as a reductant. They observed that if present in the third oxidation state,
reduction of Co3+ to Co2+ was necessary in order to dissolve it.

31.2.1.6 Miscellaneous Leaching Agents

Gupta and Mukherjee [5] comprehensively describe sundry processes of cyanide
leaching, chlorine leaching, hypochlorite leaching, hypochlorous acid leaching,
dichromate leaching, and electrochemical leaching. They also discuss the chem-
istry, kinetics and actual plant practice examples of these leaching processes. Gupta
and Mukherjee [5] report that chlorine leaching of nickel and cobalt from lateritic
oxide ores yields leach efficiencies approaching 100%, with limited dissolution of
iron and other unwanted elements. Chlorine leaching is favoured by low tempera-
tures because below 9 °C, chlorine at 1 atm pressure forms solid chlorine hydrate
(Eq. 31.2):
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Cl2(g) + nH2O → Cl2 · nH2O(S) (31.2)

where n = 6 − 7. The formation of chlorine hydrate presents an opportune way of
storing chlorine gas for leaching purposes.

31.2.2 Thermodynamics of Leaching

Thermodynamics are vital in leaching processes in determining the conditions of
chemical equilibrium between species. The two most important parameters in leach-
ing thermodynamics are voltage (or free energy) and pH [9]. The pH and electrical
potential at specific temperature and pressure are of importance in establishing the
possibility of metal dissolution. An Eh-pH diagram, commonly known as Pourbaix
diagram, is an effectiveway of presenting the effects from oxidation-reduction poten-
tial, acid and base, complexing ligands, temperature and pressure for an aqueous sys-
tem. It can be used in many scientific fields, including hydro- and electro-metallurgy,
geo- and solution chemistry and corrosion science [10]. Various methods can be used
to study the leaching thermodynamics of solutions. However, the Pourbaix (Eh-pH)
diagram is the most widely accepted method [10]. Stuurman et al. [11] demonstrate
how it can be used to predict and explain certain phase formations during cobalt
leaching. The Pourbaix diagram of the cobalt-water system is illustrated in Fig. 31.1.

Fig. 31.1 Pourbaix diagram of cobalt-water system [12]
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31.2.3 Leaching Kinetics

The study of leaching kinetics is important in improving the rate of leaching reactions,
so as to make reactions cost and time effective. According to Othusitse andMuzenda
[13], modelling has been used in various leaching operations to gain understanding of
the process and subsequently help in decision making. The shrinking core-shrinking
particle, shrinking core-constant particle and shrinking particle models are some
of the earliest models developed to describe heterogeneous non-catalytic reaction
kinetics. Figure 31.2 shows the shrinking particle, shrinking core-shrinking particle
and shrinking core-unchanged particle models. These are the most popular models
in hydrometallurgy since many leaching processes conform to kinetic models for
heterogeneous solid-liquid reactions which are best described by these models [13].
Types of the shrinking core models in leaching process as identified in literature are
categorized into the following types of rate controlling reactions.

Singer and Stumm [14] described leaching as a heterogeneous reaction that takes
place at the interface between a solid and liquid phase and sometimes also a gaseous
phase. The five main stages of leaching identified by Singer and Stumm [14] include:

1. Diffusion of reagent through the diffusion layer;
2. Adsorption of reagent on surface;
3. Reaction on the surface;
4. Desorption of product from surface;
5. Diffusion of product through the diffusion layer.

At the boundary between the two phases a diffusion layer is formed. In the case
of a solid in an aqueous phase this layer consists of a stationary aqueous layer.
The diffusion layer can be thinned by vigorous stirring but can never be completely

Fig. 31.2 Illustration of various mechanisms of leaching: a shrinking particle, b shrinking core-
unchanging particle, c shrinking core-shrinking particle [13]
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removed (Fig. 31.3). Typical thickness of the diffusion layer in a well stirred system
is in the range of 1–10 µm. The slowest step in the leaching reaction is the rate-
controlling step.Depending onwhich process is rate-controlling, three different types
of reactions may be obtained, i.e. reaction controlled leaching, diffusion controlled
leaching, and intermediate controlled leaching [14]. When the chemical reaction on
the surface is much faster than the diffusion of reagent through the fluid film then
the leaching becomes diffusion controlled.

Razavi-Tousi and Szpunar [16] have demonstrated that the shrinking core model
can be modified for reactions where the particle grows instead of shrinking resulting
in changes in diffusion distances and overall diffusion coefficient. Nonetheless, this
model is very useful in the study of leaching kinetics. The leaching mechanism
might become diffusion-controlled when, during the leaching, a porous product layer
forms on the surface of the particle to be leached [16]. Sidborn et al. [17] modelled
the bioleaching of a copper sulphide ore bed and observed that the predominant
controlling step during ordinary leaching was the diffusion through the liquid film
layer and explained this by the formation of a layer of elemental sulphur on the copper
sulphide sites. It has been reported that the particle size, temperature, concentration
(of the leaching reagent and solids) and agitation/stirring rate are among the most
important variables affecting leaching kinetics [4, 8, 13–20]. In general, leaching rate
increases with increased concentration of reagent and leaching temperature while
extraction efficiency increases with leaching time [19]. The leaching mechanism
may also change as a result of changes in the concentration of reagent. A study by
Fan et al. [20] on nickel and cobalt leaching showed that the reaction rate increases
rapidly at the beginning of the reaction, but slows down at the end with a decrease
in reactant concentrations. Their findings show a similar trend to that reported by
Takacova et al. [19].

Fig. 31.3 Schematic of leaching according to the shrinking particle model [15]
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31.2.4 Classification of Leaching Techniques

A number of techniques are available for the dissolution of metal values from ores
and concentrates [1]. These can be separated into two all-encompassing classes:
percolation leaching and agitation leaching. In percolation leaching, the ore body
remains stationary and the leaching reagent is allowed to percolate up or down the
body to cause dissolution. In situ leaching, heap leaching, dump leaching and vat
leaching are all based on the process of percolation through a stationary ore body.
Agitation leaching techniques, on the other hand, retain the finely ground ore body in
suspension by agitating the slurry mechanically or pneumatically. Agitation leach-
ing results in higher metal recoveries in a short time, but requires higher capital
investment as compared with percolation leaching. The leaching operation may be
performed in batch, concurrent, or countercurrent modes at slightly below atmo-
spheric, atmospheric, or above atmospheric pressures, and at ambient or somewhat
higher temperatures [1].

31.2.5 Design of Leaching Experiments

In experiments, one or more factors are deliberately changed in order to observe
the effect of the changes on one or more response variables. The statistical design
of experiments (DOE) is an efficient procedure for planning experiments so that
the data obtained can be analyzed to yield valid and objective conclusions. The
two main applications of experimental design are screening, in which the factors
that influence the experiment are identified, and optimization, in which the optimal
settings or conditions for an experiment can be found. Full factorial experiments are
experiments that investigate the effects of two or more factors or input parameters on
the output response of a process [21]. In some cases, the one-factor-at-a-time (OFAT)
approach is used in leach test designs. It involves varying one factor or variable at
a time while keeping others fixed. It has an advantage over full factorial design
experiments in that fewer resources are required and results are obtained much faster
[21]. Some researchers have shown that OFAT can be more effective than factorial
designs under the following conditions [21]:

1. when the primary goal is to attain improvements in the system;
2. when experimental error is not large compared to factor effects.

However this approach has been criticized by many researchers because it does
not give the interaction of different factors and can miss optimal settings of factors
[21]. The 3k approach has been the most widely used factorial design approach in
leaching. In this design, k factors are considered, each at three levels. Leaching
studies by Çoruh et al. [21] and Stopić et al. [22] used this kind of approach. One of
the disadvantages of factorial experiments however, is that they can get large very
quickly with several levels for each of several factors. Also, compared to other design
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approaches the number of trials is generally more in a full factorial approach [21]. In
this study, the OFAT approach was chosen since the primary goal was not to optimize
cobalt leaching from the gypsum but to ascertain if similar leaching efficiencies to
those from the well-established sulphuric acid leaching process were achievable with
acidic waste liquor from the same processing plant.

31.2.6 Extractive Metallurgy of Cobalt

An appreciable amount of cobalt is present inmost cobalt purification waste products
[1–3]. Lately, several hydrometallurgical processes have been developed for cobalt
recovery from these resources. These processes generally include the followingmajor
unit operations: roasting in some cases, leaching using acidic or basic lixiviants,
removal of impurities (such as iron, manganese and zinc), separation and recovery
processes and refining of recovered metals [1–3]. According to Chen and Ho [23],
spent lithium-ion batteries are an important source of cobalt and sulphuric acid has
been successfully used to extract the cobalt and other important battery metals like
lithium. They conducted experiments simulating process plant extraction of cobalt
i.e. leaching, solvent extraction, stripping, and chemical precipitation. A sulphuric
acid strength of 2.0Mandhydrogen peroxide additions of 10%yielded optimal cobalt
leaching efficiencies. In a study by Stuurman et al. [11], sulphuric acid in the presence
of hydrogen peroxide as a reducing agent was able to extract about 95% copper and
80% cobalt from a copper-cobalt oxide ore. Various sources indicate that sulphuric
acid is the most widely used lixiviant due to its low cost relative to other acids and
ability to be regenerated during electrolysis. However, the re-use of acidic liquors
provides an even cheaper alternative to leaching residue waste. Zhang and Cheng
[24] report that ocean manganese nodules are a potential source of various metals
such as Cu, Ni, Co andMn. It is well known that themanganese nodules contain these
metals as higher oxides or hydroxides and usually amorphous in nature. Therefore,
it is essential to roast or leach the ocean manganese nodules in the presence of a
reductant. Zhang and Cheng [24] also provide a schematic flowsheet of a manganese
nodule pilot operation using SO2 reductant that was designed and set up at Hindustan
Zinc Limited, Udaipur, India, to recover Cu, Ni, Co, and Mn. Cobalt extraction at
that pilot plant is essentially a Leach-Solvent Extraction-Electrowinning circuit i.e.
Leach-SX-EW operation where sulphuric acid is the leaching agent.

Cobalt is always almost a by-product or co-product of mining for other base
metals, chiefly copper, manganese iron, zinc and nickel. Large quantities of cobalt
also occur in the sea floor, contained within manganese nodules and cobalt-rich
crusts, although they are not economically viable with current technology and eco-
nomic conditions [25]. Cobalt can either be extracted by pyrometallurgical methods
or using hydrometallurgical methods. However, hydrometallurgical methods have
become more popular in cobalt leaching [25]. Acid leaching is the most common
leaching method for cobalt bearing mineral concentrates and ores [26]. Impurity
removal processes include metal precipitation, solvent extraction and ion exchange.
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Mwema et al. [8] and Seo et al. [26] studied the feasibility of using sulphuric acid
in leaching cobalt. Both studies concluded that sulphuric acid could be used as a
lixiviant in leaching cobalt. Seo et al. [26] further studied the use of hydrogen per-
oxide as a reducing agent in sulphuric acid leaching and concluded that the use of
hydrogen peroxide improved the leach efficiencies. They attributed this to the reduc-
tion of acid insoluble Co3+ ions to acid soluble Co2+ ions when the reducing agent
was used. Stuurman et al. [11] have also indicated that hydrometallurgical dissolu-
tion of Co3+ can take place only in the presence of a reducing agent. The reducing
agents commonly used in the process include ferrous ions, sodium metabisulphite
(Na2S2O5), and hydrogen peroxide. The consumption of these reducing agents is
generally high, rendering the production cost of cobalt very steep. Wang and Zhou
[27] have developed a hydrometallurgical process for the recovery of cobalt from a
zinc plant residue. The residue contains active carbon, zinc sulphate, naphthol deriva-
tive complexes with cobalt, nickel, iron, copper, and other metals. What is evident
though is that while the actual cobalt extraction process is determined by the cobalt
source, leaching with an acid is common in all the studies reported herein.

31.2.7 Source of Gypsum for This Study

Gypsum, which consists mainly of calcium/iron sulphate, is a waste product of the
cobalt purification circuit at the copper and cobalt producer which provided the
samples of gypsum and nickel eluate. It is generated during the iron precipitation
stage. The iron precipitation stage is among the various stages involved in cobalt
purification and takes place in seven tanks. The feed is a raffinate solution (at a pH of
1) from the copper solvent extraction stage. Themain purpose of the iron precipitation
stage is to remove iron and copper by precipitation at a pH of about 3.5. The required
pH is achieved by addition of quicklime (CaO). Air sparging helps in converting the
ferric ions (Fe3+) to ferrous ions (Fe2+), an insoluble form of iron. At this stage, a
reducing agent, sodium metabisulphite (Na2S2O5), is also added in order to further
reduce Co3+ to Co2+, an acid soluble form of cobalt. The final precipitation tank
feeds a thickener from which the underflow is filtered using a drum filter. The final
residue cake is the gypsum. The overflow is transferred to the zinc solvent extraction
plant. About 450 metric tonnes of gypsum containing approximately 0.1% cobalt
by weight are produced per day. This translates to 0.45 metric tonnes of cobalt,
which if recovered could earn the company US$26,000/day at the current cobalt
price compared to the US$4050/day the company is earning from gypsum sales.

31.3 Study Objectives and Hypotheses

This study investigated the technical feasibility of leaching cobalt from the gypsum
with nickel eluate, which is an acidic waste stream from the nickel ion exchange
plant at the cobalt producer. It is important to highlight that since both gypsum and
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nickel eluate are waste streams, utilizing these two waste streams would augment the
overall sustainability of the processing operations at this cobalt producer. The study
objectives were to:

1. Determine the leaching efficiency (cobalt recoveries from the gypsum) when
nickel eluate is used as leaching agent;

2. Compare the cobalt recoveries from leaching with nickel eluate against those
obtained with sulphuric acid at similar conditions;

3. Determine the optimum pH and solids concentration for leaching cobalt with the
nickel eluate.

Three hypotheses were constructed with these three objectives in consideration,
viz:

H01 There is no significant difference at 95% confidence level in cobalt recoveries
when either nickel eluate or sulphuric acid is the lixiviant.

H11 There is a significant difference in cobalt recoveries when nickel eluate is the
lixiviant compared to when sulphuric acid is the lixiviant.

H02 There is no significant difference at 95% confidence level in cobalt recoveries
between the maximum and minimum pH levels in nickel eluate leaching.

H12 There is a significant difference in cobalt recoveries between the maximum and
minimum pH levels in nickel eluate leaching.

H03 There is no significant difference at 95% confidence level in cobalt recoveries
between themaximumandminimumsolids concentration levels in nickel eluate
leaching.

H13 There is a significant difference in cobalt recoveries between the maximum and
minimum solids concentration levels in nickel eluate leaching.

31.4 Materials and Methods

Aone-factor-at-a-time (OFAT) experimental design approachwas used for the leach-
ing testwork. Nickel eluate leaching tests were conducted first followed by sulphuric
acid leaching tests. The precipitation of iron occurs at pH 3–3.5; therefore the pH
levels used were 0.5, 1 and 2. The solids concentration levels used were 30, 45 and
50% solids, because pulp densities in the plant are usually kept within these ranges
for ease of pumping and agitation. The optimum pH was first determined and kept
constant during the solids concentration leach tests. The recoveries obtained in the
two tests were then compared. Analysis of variance (ANOVA) was used to test all
the three hypotheses at a 5% significance level.
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Table 31.1 Chemical composition of gypsum

Gypsum composition, % TCo ASCo TCu ASCu TFe ASFe

0.10 0.09 0.031 0.023 2.62 1.29

Table 31.2 Chemical composition of nickel eluate

Nickel eluate, ppm Cu Co Fe Zn Ni

0.60 22.00 17.00 0.4 44

31.4.1 Materials

Instruments used comprised an atomic absorption spectrometer (AAS), electronic
mass balance, pH meters, vacuum pump, mechanical agitator, drying oven, and a
stop watch. Glassware and materials used included 1L beakers, filter paper, sample
bags and sample bottles, burettes and pipettes, syringes, measuring cylinders and
baffles. The sulphuric acid, gypsum and nickel eluate samples used in the study were
provided by the cobalt producer. The initial chemical analyses of the gypsum and
nickel eluate are shown in Tables 31.1 and 31.2. The ‘T’ prefixing the elements stands
for total e.g. TCo means total cobalt, whereas ‘AS’ prefixing the elements stands for
acid soluble.

31.4.2 Methods

Figure 31.4 illustrates the sequence of steps followed in performing the leaching
experiments. The total number of trials was 36. Leaching tests were carried out
using nickel eluate as the lixiviant followed by leaching tests using sulphuric acid as

Fig. 31.4 Experimental procedure
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Table 31.3 Constant leaching parameters

Parameter Value

Terminal Leach pH 1.0

% Solids (for pH evaluation) 30.0

Initial Weight of Gypsum, g 418

Initial Volume of Water, L 1.0

Weight of Leach Residue, g 375

Filtrate Volume, ml 950

Wash Volume Collected, ml 1000

Leach Residence Time, h 3.0

Leach Temperature, °C Ambient

Agitation Speed, rpm 600

the lixiviant. There were two replications of all the leach tests to improve reliability
of the results. The pH and solids concentration were varied one at a time whereas the
time, temperature and agitation speed were kept constant as portrayed in Table 31.3.
There were a total of 18 trials for the nickel eluate leach tests and 18 trials for the
sulphuric acid leach tests.

31.4.2.1 Leaching

This step constituted the most significant component of the procedure and the steps
followed are reproduced here:

1. 100 g of gypsum were weighed and dried in the oven for 10 h. The dried sample
was then weighed and the dry weight measured on the electronic mass balance.
The moisture content was calculated using the formula:

%Moisture = Wet gypsum weight − Dry gypsum weight

Wet gypsum weight
(31.3)

2. A gypsum samplewasmeasured and placed in a clamped beaker containingwater
and a pulp of required solids concentration was made. Equation 31.4 was used
to determine how much gypsum was required for a specific solids concentration.
The volume of water required was calculated from Eqs. 31.5 to 31.6:

Weight o f gypsum = Required solids concentration, % × 1000gwater
100 − required pulp densi ty,%

(31.4)

Mass of water = Wet gypsum weight − Dry gypsum weight (31.5)
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Volume = 1000 ml − volume of water in gypsum (31.6)

3. The initial pH and temperature of the pulp were taken using the pH meter and
recorded.

4. Nickel eluate was continually added to maintain the required pH level for the
nickel eluate leach tests, whereas sulphuric acid was added for the sulphuric acid
leach tests. The agitation speed was set at 600 rpm and the test work was carried
out at room temperature. The residence time was 3 h.

5. During the tests, the temperature, pH and nickel eluate profiles were observed
and recorded every 30 min.

6. After the leach tests were complete, filtration was carried out immediately. The
filtrate obtained was measured in a measuring cylinder and the wet residue cake
measured using the electronic mass balance. The residue cake was washed with
1000 mL of water. The wet residue cake was then dried overnight in the oven.

7. Thereafter, the dry leach residue solids were measured, sub-sampled by coning
and quartering and subject to chemical analysis. Samples of the filtrate and wash
were also analyzed for metals. The metals of interest were cobalt, copper, and
iron. The metal recoveries after leaching, were calculated from the chemical
analyses using Eq. 31.7:

% Recovery = mmetal in f eed − mmetal in residue

mmetal in f eed
(31.7)

where mmetal in feed is the mass of metal in the feed and mmetal in residue is the mass of
metal in the residue.

31.5 Results and Analysis

31.5.1 Nickel Eluate Leach Tests

The chemical analyses of the feed solids and residue (obtained by filtration of the pulp
+ lixiviant mixture) are presented in Figs. 31.5, 3.6, 3.7 and 3.8. The ‘T’ prefixing
the elements stands for total e.g. TCo means total cobalt, whereas ‘AS’ prefixing
the elements stands for acid soluble. Metal concentrations in the filtrate and wash
were higher than concentrations in the nickel eluate. This shows that substantial
amounts of metal had been dissolved from the gypsum into solution. The wash for
all the pH levels contained about 0.02 g/L of copper, 0.03–0.07 g/L of cobalt and
1.59–2.89 g/L of iron. Thiswas as a result of dissolvedmetal entrainment in the solids
during filtration. These metal concentration trends are similar to those reported [8,
11, 17, 24, 26–31].
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Fig. 31.6 Chemical analyses of filtrate, wash and nickel eluate at pH 0.5 for nickel eluate leaching
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Fig. 31.8 Chemical analyses of gypsum and leach residue at 30% solids for nickel eluate leaching

At all the three solids concentration levels, the nickel eluate had less concentrations
of cobalt, copper and iron than the wash and filtrate indicating that leaching of these
metals had taken place. The filtrates at 30% (Fig. 31.7) and 45% solids concentration
contained a higher amount of cobalt, copper and iron than the wash. However, at
50% solids concentration, the concentration of copper was lower in the filtrate than
the wash. This might have been due to high entrainment of soluble copper in the
residue solids during filtration.

Metal concentrations were higher in the gypsum feed than the residue because
about 80–92 and 54–71% of the cobalt and iron (in the feed) respectively had been
successfully leached into solution at the various solids concentration levels. This is the
whole point of leaching, which is a concentration technique applied as a preparatory
step for metal recovery [14]. This is portrayed in Fig. 31.8.

31.5.1.1 Temperature, PH, and Nickel Eluate Profiles

During all the nickel eluate leach tests, the initial pH was in the range 6–6.5 and
the initial temperatures were about 25 °C. The temperatures marginally increased to
about 26 °C during the first 10 min and gradually increased by about 2 °C at the end.
Figures 31.9 and 31.10 show that the amount of nickel eluate used was inversely
proportional to the pH level. Gypsum has a neutral pH, and since it has no carbonate
ions, it will not neutralize acidity. The nickel eluate is in essence sulphuric acidic
liquor, thus like all acids, lowering of the pH is achieved by increasing the acid dosage
or concentration. In order to bring down the pH from about 7 to 0.5, incremental
dosages of the nickel eluate were added until the required pH was obtained. The
amount of nickel eluate used was highest at 30% solids and least at 50% solids. This
can be explained by the higher water content at 30% solids than at 45 and 50%.
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Fig. 31.9 Temperature, pH and nickel eluate profile at pH 0.5
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Fig. 31.10 Temperature, pH and nickel eluate profile at 30% solids

31.5.1.2 Metal Recoveries from Leaching with Nickel Eluate

Metal recoveries were calculated using Eq. 31.7. The recoveries of cobalt and iron
were inversely proportional to pH, with the highest recoveries obtained at pH 0.5
(~93% cobalt and 82% iron) as shown in Fig. 31.11. Iron is the main impurity in
the gypsum as depicted in Table 31.1; therefore it was necessary to observe the iron
recoveries. Low pH favours dissolution of both the cobalt and the iron since they
have similar chemistry. This explains the similarity in the recovery-pH profiles in
Fig. 31.11.

Cobalt and iron recoveries follow the polynomial trendline Eqs. 31.8 and 31.9
respectively.

Co: % Recovery = 9.2147 pH2−36.31 pH + 108.67 (31.8)

Fe: % Recovery = 7.4153 pH2−36.014 pH + 97.663 (31.9)
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Fig. 31.11 % Recovery against pH for nickel eluate leaching

Similar observations weremade in a study by Liu et al. [28], in which the selective
leaching of cobalt and iron from cobalt white alloy under controlling potential in
sulphuric solution with catalyst was carried out. In the study, the concentration of
sulphuric acid was varied at levels 3.0, 3.2, 3.4, 3.8, 4.2, 4.4 and 4.8 mol/L. The
results showed that the recoveries of cobalt and iron increased with increasing acid
concentration. When the sulphuric acid concentration was 3.0 mol/L, the recoveries
of both cobalt and iron were 75%. In that study, at the maximum acid concentration
level, the recoveries were 95.01 and 95.07% for cobalt and iron respectively.

Figure 31.12 illustrates the change in metal recovery with solids concentration.
The recoveries for both cobalt and iron increasedwith increasing solids concentration
and the highest recovery obtained was at 50% solids. Equations 31.10 and 31.11 are
the trendline equations for cobalt and iron respectively. Related studies by Seo et al.
[26] and Liu et al. [28] similarly showed that the recovery of cobalt increased with
increasing solids concentration.

Co: %Recovery = 0.0366w2 + 3.5194w + 7.873 (31.10)

Fe: %Recovery = 0.0306w2 + 3.2788w + 16.142 (31.11)

where w is the % solids concentration.
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Fig. 31.12 Recovery (%) against solids concentration for nickel eluate leaching
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31.5.2 Sulphuric Acid Leach Tests

For all the sulphuric acid leach tests, the initial pH was in the range 6–6.5 and the
initial temperatures were about 25 °C. The temperatures increased to about 40 °C
during the first 10 min before slightly dropping to about 38 °C and remaining more
or less constant to the end. Figure 31.13 shows that the amount of sulphuric acid used
was inversely proportional to the pH level. In order to bring down the pH from about
6.5 to 0.5, incremental dosages of the sulphuric acid were added until the required
pH was attained. At pH 0.5, the temperature rose from 25 °C to about 41 °C during
the first 10 min. It later dropped by about 4 °Cwith minor fluctuations throughout the
test as shown in Fig. 31.13. The same trends were observed for the rest of the tests
at pH 1 and 2. Most acid was consumed at pH 1 whereas the least was consumed
at pH 2, which is obviously attributable to the decreased dissolution potency of the
acid at lower strength. There was little variation in sulphuric acid consumption when
leaching was conducted at different solids concentration levels.

31.5.2.1 Metal Recoveries from Sulphuric Acid Leach

The graphs presented in Figs. 31.14 and 31.15 were generated in the same manner
as described in Sect. 31.5.1 for nickel eluate leaching. The recoveries for cobalt and
iron also increased with decreasing pH with the only exception being iron recovery
at pH 2 was a negligible 0.27 percentage points lower than at pH 1. However, this
is actually an important result because the lower the iron leached the better it is for
subsequent cobalt extraction stages like solvent extraction, stripping, electrowinning
or precipitation. The iron is an impurity requiring later separation from the cobalt.
The recoveries for cobalt and iron increased with increasing solids concentration as
observed for nickel eluate leaching. The maximum metal recoveries were observed
at pH 0.5 and 50% solids (~94% cobalt and ~86% iron) as shown in Fig. 31.14.
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Fig. 31.13 Temperature, pH and sulphuric acid profiles at pH 0.5
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Fig. 31.15 % Recovery against solids concentration for sulphuric acid leaching

Cobalt and iron recoveries follow the polynomial trendline Eqs. 31.12 and 31.13
respectively.

Co: %Recovery = −0.0216 pH2 − 9.7209 pH + 98.916 (31.12)

Fe: % Recovery = 15.448 pH2 − 46.609 pH + 105.63 (31.13)

The recoveries for both cobalt and iron increase with increasing solids concen-
tration and the highest recovery obtained was at 50% solids. Equations 31.14 and
31.15 are the trendline equations for cobalt and iron respectively.

Co: % Recovery = 0.0266w2 − 1.6474w + 109.12 (31.14)

Fe: % Recovery = −0.0169w2 + 2.2218w + 16.081 (31.15)

where w is the % solids concentration.
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Comparison of the graphs in Figs. 31.11 and 31.12 with those in Figs. 31.14 and
31.15 confirms that leaching the gypsum in nickel eluate yields similar results to
leaching it in sulphuric acid. The cobalt recoveries are higher than those reported
by Mwema et al. [8] who managed to extract 78% of the cobalt at pH 4.5 from a
copper oxide ore using a spent electrolyte which is also an acidic liquor like the
nickel eluate. Thus, cobalt leaching efficiency is supported by low pH. Seo et al.
[26] who carried comparable leaching tests at 0.732 M sulphuric acid and 0.025 M
hydrogen peroxide recovered 90% cobalt in 90 min. Fan et al. [20] similarly showed
that cobalt recoveries exceeding 96% are possible when leaching with 40% w/w
sulphuric acid at 85 °C for 5 h and an agitation speed of 250 rpm. Aaltonen et al. [30]
and Moradkhani et al. [31] have also obtained above 90% cobalt recoveries when
reductively leaching secondary sources of cobalt with sulphuric acid.

31.5.3 Comparison of Metal Concentrations at Optimum pH
and Solids Concentration

Despite pH0.5 giving the highest cobalt recoveries, pH1was selected as the optimum
leaching pH because the iron recoveries are much lower than at pH 0.5 when using
either leaching agent while the cobalt recoveries are still good. pH 0.5 would also
result in higher plant operating costs due to usage of more sulphuric acid or nickel
eluate, and more equipment corrosion problems. Optimum slurry density would be
30% solids notwithstanding 50% solids yielding higher cobalt recoveries because
agitation of the pulp was observed to be more effective at 30% solids than at 50%
solids. An agitation speed of 600 rpm was employed in all leach tests in the present
study but some studies reportmuch lower agitation speedswhichwould be ineffective
for pulps with 1:1 solids to liquid ratio [20, 30]. Increasing the solids content and pH
and decreasing the particle size have been detected by Klein and Laskowski [32] to
increase the yield stress of mineral pulps, while also increasing the Casson viscosity.
In a practical sense this would mean higher energy costs to run the mechanical
agitators used in the processing plant and a shorter service life.

The cobalt concentrations (Fig. 31.16) in the nickel eluate leach solutions (filtrate
and wash) were comparable to those of the sulphuric acid leach solutions (filtrate
and wash). The iron concentrations on the other hand were higher in the sulphuric
acid leach solutions than nickel eluate leach solutions meaning sulphuric acid tends
to dissolve more iron than the nickel eluate. From Fig. 31.17, cobalt and copper
concentrations in the nickel eluate leach residue were close to 0.01 wt% but below
detection limits for the sulphuric acid leach residue. Iron concentrations were similar
in both instances. The gypsum used in this study was sourced from a process plant
that is specifically designed to extract and refine cobalt and copper. In the event that
the findings of this study are implemented to recover the cobalt in the gypsum, then
the cobalt-rich leach solutions will be purified through the existing process. Copper
is recovered by electrowinning, and the spent electrolyte laden with cobalt is purged
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Fig. 31.17 Comparison of metal concentrations in nickel eluate and sulphuric acid leach residues

of copper and iron by air sparging in the presence of quicklime generating gypsum
which is separated from the cobalt-rich electrolyte by thickening and drum filtration.
Successive cobalt purification stages are elution in carbon columns and then the nickel
ion exchange circuit where the picolylamine chelating resin Dowex 4195 selectively
extracts nickel over cobalt ions from the solution. The purified electrolyte is then
pumped to the cobalt tank house for cobalt electrowinning. The nickel eluate is in
fact a sulphuric acid solution used to regenerate (washing off ions trapped in active
sites) the Dowex 4195 resin. Thus it is loaded with nickel and copper (see Table 31.2)
among other trace metals and recycled before final disposal. Figure 31.16 illustrates
that the gypsum in question is a source of nickel and copper but the fresh sulphuric
acid dissolves these elements better than the nickel eluate.

Evidently from Fig. 31.16, nickel concentrations in the filtrates and wash solu-
tions are much higher than either cobalt or copper concentrations, with sulphuric
acid leaching more nickel and copper than the nickel eluate. Cobalt, copper, and
nickel are important non-ferrous metals and studies by Mwema et al. [8], Fan et al.
[20], Zhang and Cheng [24], Seo et al. [26], Wang and Zhou [27], Liu et al. [28],
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Ma et al. [29], Aaltonen et al. [30] and Moradkhani et al. [31] all confirm the co-
occurrence of these metals after leaching of the source materials, which necessitates
additional separation stages to isolate and recover these metals. The overriding cri-
terion is always production of a pregnant leach solution sufficiently concentrated to
warrant profitable investment in an ion exchange, solvent extraction, precipitation or
electrowinning circuit to recover the metal. These metals are usually found together
in nature e.g. copper-cobalt oxide ore deposits of the Democratic Republic of Congo
and Zambia [11]. Laterite ore deposits are an important source of nickel and cobalt,
and these metals can be recovered pyrometallurgically or hydrometallurgically [33].
The Leach-SX-EW pilot plant described by Zhang and Cheng [24] provides a rele-
vant case study for Cu, Ni, and Co separation and recovery. The adjacent positions
of Ni and Co in the transition metal series in the periodic table result in aqueous
chemical behaviour that is too similar, making separation of these two metals in
aqueous solution problematic for hydrometallurgists [34].

Flett [34] discussed different Ni-Co separation techniques such as precipitation,
ion exchange (DowexM4195 resin commonly used to remove nickel from the cobalt
electrolyte before electrowinning), solvent extraction (most commercial operations
use the dialkyl phosphinic acid extractant, CYANEX 272), and pressure hydrogen
reduction. Several Ni-Co extraction and purification flow sheets of commercial pro-
cess plants have been similarly evaluated by Flett [34].

Figure 31.17 portrays that iron concentration was higher in the nickel eluate
leach residue than the sulphuric acid leach residue. Liu et al. [28] who studied the
effect of leachant acidity on cobalt recovery observed that cobalt, nickel, iron and
copper concentrations were lower in the residue when strong sulphuric acid was
used than when a weaker acid was used. Figure 31.17 confirms this observation but
considered together with Fig. 31.16, these graphs demonstrate that the nickel eluate
has comparable leaching potency to the sulphuric acid, with the added advantage of
leaching less iron into solution.

31.5.4 One-Factor ANOVA Results

Aone-way analysis of variancewas generated for the cobalt recoveries obtained from
the leaching tests in order to test the three hypotheses at a 5% level of significance.
The results are presented in Tables 31.4, 31.5 and 31.6.

Table 31.4 Summary of one-factor ANOVA for the first hypothesis

pH F P-value F critical Decision

0.5 14.8193 0.0183 7.7086 Reject H0

1 49.6388 0.0021 7.7086 Reject H0

2 48.0471 0.0023 7.7086 Reject H0
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Table 31.5 One-factor ANOVA results for the second hypothesis

F P-value F critical Decision

709.9303858 0.00001179 7.70864742 Reject H0

Table 31.6 One-factor ANOVA results for the third hypothesis

F P-value F critical Decision

44.318163 0.0026444 7.7086474 Reject H0

All three hypotheses were rejected because the F values were greater than the F
critical values and the P-values were less than α (0.05). This means the findings of
the leaching tests do not support the hypotheses. Therefore pending additional test
work, the findings support the three alternative hypotheses which are restated here:

H11 There is a significant difference in cobalt recoveries when nickel eluate is the
lixiviant compared to when sulphuric acid is the lixiviant.

H12 There is a significant difference in cobalt recoveries between the maximum and
minimum pH levels in nickel eluate leaching.

H13 There is a significant difference in cobalt recoveries between the maximum and
minimum solids concentration levels in nickel eluate leaching.

Disproval of H01 makes sense considering that nickel eluate is in fact a recycled
sulphuric acid solution which had been used in the nickel ion exchange plant to elute
nickel from the resin, and subsequently diluted to an electrolyte for electrowinning
of the nickel. Since it is continually recycled though with periodic additions of fresh
sulphuric acid, it becomes contaminated (see Table 31.2) and cannot be expected
to have exactly the same leaching efficiency as fresh sulphuric acid. However, the
recoveries are still comparable, and the cost reductions from leaching with nickel
eluate and the concomitant environmental paybacks support substituting fresh sul-
phuric acid with this recycled liquor. Furthermore, on the basis of metal recoveries
from sulphuric acid leaching (~94% cobalt and ~86% iron) against those from nickel
eluate leaching (~93% cobalt and ~82% iron), nickel eluate performs better since it
dissolves less iron.

Disproval of H02 is supported by Fig. 31.11 which shows that at pH 2, cobalt
recovery was 72.91% whereas it was 92.82% at pH 0.5. That is an almost 20%
difference in cobalt recovery and it is very significant. Thus, low pH favours cobalt
dissolution from gypsum. Azimi et al. [35] have modelled the dissolution of gypsum
in CaSO4–H2SO4–H2O ternary systems and concluded that the addition of H2SO4

which lowers the pH results in a significant increase in the calcium sulphate solubility
but only at ambient temperatures of 25–60 °C. This is consistent with findings of the
present study where leach tests were conducted at room temperature i.e. 25 °C.

Disproval of H03 is supported by Fig. 31.12which shows that at 30% solids, cobalt
recovery was 80.54% whereas it was 92.40% at 50% solids, that is an almost 12%
difference in cobalt recovery and again it is very significant. Thus, high solids content
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results in high cobalt recoveries when leaching the gypsum due to the increased
number of particles available but Lee et al. [36] have demonstrated that the influence
of pulp density on leaching kinetics is far less pronounced than that of pH, time or
temperature.

31.6 Conclusions

Peak cobalt recoveries of ~93% (nickel eluate leaching) and ~94% (sulphuric acid
leaching) were obtained at pH 0.5 and 50% solids. Based on these recoveries, nickel
eluate can be used as a lixiviant in extracting cobalt from gypsum. An increase
in cobalt is always associated with an increase in iron recoveries. Iron will pose
severe challenges later on in the purification circuit during the electrowinning stage.
Optimum leaching conditions will maximize cobalt recoveries while suppressing
iron recoveries. Thus, the optimum pH for cobalt leaching is 1 because the iron
recoveries were much lower than at pH 0.5. Agitation of the pulp is more effective at
lower solids content than at higher solids content, so 30% solids could be considered
an invariable leaching parameter in related future test work. Full factorial design
experiments are needed to determine the interaction effects on cobalt recoveries of
the various leach parameters. Surface response methodology can then be applied
to optimize cobalt recoveries. A nickel eluate leaching kinetics study can also be
conducted in order to model the cobalt dissolution process and improve the reaction
rates. Cobalt recoveries can be increased by the use of hydrogen peroxide, sodium
metabisulphite or sulphur dioxide as reducing agents. The reducing agents reduce
the insoluble Co3+ to soluble Co2+.
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