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ABSTRACT
Water shortages, water pollution and climate changes are highly interrelated global issues. These
have raised immense concerns about serious adverse effects on the quality, treatment and re-use
of wastewater. A major role of water is for vitality of life on earth. Water is recognized as source
of evolution from origin to degree of civilization, since it is an essential resource its treatment
becomes a necessity for day to day for life.
Nanoparticles and their application in treatment of wastewater is becoming a major area of
research. It is mainly applicable to the removal of major contaminants like microorganisms. This
study was carried out with an objective to investigate the antibacterial and antifungal potentials
of nanoparticles. Cobalt and cobalt complexes of urea and thiourea were synthesized and
characterized using UV-Vs, PL, FTIR, TEM, SEM, XRD and TGA techniques. The Co particles
are in a mixture of rod, agglomerates with irregular shape around 50 – 100 nm in diameter. The
Co/Thiourea particles appear to be around 10 – 30nm in size. The Co complexed with urea
images showed spherical to hexagonal shape with 50 nm size in diameter.
The antimicrobial activity was determined using Minimum Inhibitory and bactericidal
concentration and the well diffusion method. The antibacterial and antifungal activities of ratios
(1:1, 1:2, 1:3, 2:1 μg/mL) of doped cobalt nanoparticles were tested against a panel of five Gramnegative bacteria - (Escherichia coli, Pseudomonas aeruginosa, Shigella enterica, Salmonella
typhi and Salmonella sonnei) human pathogenic bacteria; and two fungal strains - Aspergillus
niger and Candida albicans. Zones of inhibition as a consequence of nanoparticles were
compared with that of different standards like Neomycin for antibacterial activity and
Amphotericin B for antifungal activity. The results showed a remarkable inhibition of the
bacterial growth against the tested organisms. The most striking feature of this study is that
Cobalt, Urea and Thiourea nanoparticles have antifungal activity comparable or more effective
(as in case of Thiourea on A. niger) than Amphotericin B and nearly promising antibacterial
activity although not comparable to Neomycin.
Keywords: Nanoparticles, Co, Co/Tu, Co/U, MIC, Pseudomonas aeruginosa, Shigella enterica,
Escherichia coli, Salmonella sonnei, Salmonella typhi, Candida albicans and Aspergillus niger.
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CHAPTER 1
INTRODUCTION

This chapter provides a general overview of the study. It commences with the background to
the study, followed by the statement of the research problem, research aim, specific objectives
and purpose and significance of the study.
1. BACKGROUND
Water is our number one resource and plays a vital role in all living objects (Crane & Scott
2012). Water has a positive impact on different aspects of human life including, but not limited
to health, food, energy and economy (Amin et al., 2014). The ever-increasing populations all
over the world put a strain on the supply of fresh water. Therefore, reliable and sustainable
access to clean, safe and affordable water is considered to be one of the most essential resource
for human beings (Marcelles et al., 2009).

According to Sharma & Sharma, (2013), in the next two decades the average supply of water
per person will drop by one third, possibly condemning millions of people to severe
dehydration and unavoidable premature death. Access to clean water is a big challenge both in
developing and developed countries (Ayanda & Petrik 2014). Clean water shortage is further
compounded by microbial, wastewater contaminations and severe weather changes leading to
water-borne diseases (Sadiq & Rodriguez 2004).

According to Nassar (2013), the traditional and old water treatment processes are not able to
address the removal of toxic chemicals, organic materials and microorganisms present in raw
water. Treatment technologies like activated carbon, oxidation, reverse osmosis (RO)
membranes and activated sludge are also not becoming increasingly efficient to care for
complex and intricate polluted water consisting of pharmaceuticals, surfactants, various
industrial additives, and abundant toxic chemicals (Nassar 2013).

Highly efficient wastewater treatments are essential for improving the water quality of rivers,
lakes and oceans and increasing the extremely small proportion of usable water. Above all,
energy-intensive, complex wastewater treatment calls for energy-efficient, environmentally
friendly methods and systems. Currently, nanotechnology offers potential advantages like low
1

cost, reuse and highly efficient way of removing and recovering microbial and wastewater
pollutants (Ayanda & Petrik 2014). The World Health Organization (2015) defines
nanotechnology as the manipulation of matter with at-least one dimension sized from 1 to 100
nanometres. Research in nanotechnology promises breakthroughs and exciting applications in
areas such as medicine, data storage, food industry, molecular biotechnology, computing,
defence, robotics, textiles, environment, sanitation (Pankaj et al. 2012) and desalination of
water (Diallo et al. 2005).

Nanotechnology is revolutionizing many fields of applications and has great potential to
change the traditional water supply and wastewater treatment model (Qu et al. 2013). The
multifunctional and highly efficient processes of nanotechnology are providing possible
affordable solutions to wastewater treatments that do not require large infrastructures or
centralized systems (Qu et al. 2013). Various nano materials like carbon nanotubes (CNTs),
nanomembranes, zeolites and dendrimers are being studied and are useful in the advanced
water systems care (Crane & Scott 2012). There are many aspects of nanotechnology that are
yet to be studied and employed to address the multiple problems of water quality.

The unique properties of nanomaterials can enable novel technologies for contaminant
removal, microbial control, sensing and monitoring and resources recovery (Qu et al. 2013).
The super high surface area, high reactivity and catalytic properties of nanomaterials greatly
enhance the kinetics and efficiency of various chemicals and physicochemical processes. These
processes are essential in water and wastewater treatment and therefore reduce system size as
well as chemical and energy consumption (Prachi et al. 2013). These unique features have the
potential to enable the pattern shift towards distributed wastewater treatment and water supply,
a much-needed change in large metropolitan areas facing challenges of rapid population growth
and aging infrastructure (Pendergast & Hoek 2011).
According to Dhermendra et al. (2008), dendrimers, metal – containing nanoparticles, zeolites
and carbonaceous nanomaterial are the main four classes of nanoscale materials that are being
evaluated as functional materials for water purification. These classes have a broad range of
physicochemical properties that make them particularly attractive as separation and reactive
media for water purification.

2

Nanoparticles are expected to play a crucial role in water purification (Tchobanoglous et al.
2014). The possible application of nanotechnology for the removal of toxic pollutants such as
the pharmaceutical and personal care products, polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, phthalates, furans and dioxins, agrochemicals and pesticides,
volatile organic compounds, viruses and bacteria, dyes, inorganic pollutants have been widely
reported by several investigators such as (Nassar 2013; Lens et al. 2013; Sharma & Sharma
2013; Olushola & Leslie 2014) in the field of nanotechnology. The principal way
nanotechnologies might help in removing water problems is by solving the technical challenges
associated with water contaminants including bacteria, viruses, toxic metals, pesticides and
salts (Kanchi 2014). Dhermendra et al. (2008) reported that bacterial death is caused by
considerable changes induced by the nanomaterial on the integrity of the cell membranes.
Interestingly, results by other authors in the field have shown that environmental
nanotechnology could be effectively utilized for the removal of organic and inorganic
contaminants from sewage, municipal, industrial and process of wastewater for safer use (Lens
et al. 2013).

The potential impact of nanomaterials on human health and the environment is unclear. The
environmental fate and toxicity of a material are critical issues in materials selection and design
for water purification. There is no doubt that nanotechnology is better than other techniques
used in water treatment, but today the knowledge about the environmental fate, transport and
toxicity of nanomaterial is still in its infancy (Lens et al., 2013).

Several studies claim that nanotechnologies offer a more affordable, effective, efficient and
durable way of water purification using less toxic methods (Obare & Meyer 2004, Pankaj et
al. 2012, Diallo et al. 2005, Dhermendra et al. 2008). There are many aspects of
nanotechnology to address the multiple problems of water quality in order to ensure the
environmental stability. Further research is therefore required to intensively study the use of
advanced nanotechnology in water purification for safe human consumption. The purpose of
this study is to assess the antimicrobial activity of doped cobalt nanoparticles against selected
microbes that are found in wastewater.

3

2. RATIONALE AND MOTIVATION

Water contains different contaminants at different locations. Nanotechnology may potentially
provide a variety of options to “tailor-make” solutions to filter out contaminants such as heavy
metals and biological toxins, including waterborne disease-causing pathogens, as well as
organic and inorganic solutes (Amin et al. 2014). Nanotechnology provides a platform for
offering affordable and safe drinking water by providing relatively inexpensive water
purification systems and the rapid and low-cost detection of impurities (Salman et al. 2014).
The unique characteristic; such as high surface area can be used efficiently for removing toxic
metal ions, diseases causing microbes, organic and inorganic solutes from water (Prachi et al.
2013). Although nanoparticles are a relatively cheap and effective antibacterial agent in
drinking water treatment, it is important to develop products that do not leach nanoparticles
into the final purified product, since this poses additional public health concerns (Prachi et al.
2013). The antimicrobial activities of doped cobalt, Co/urea and Co/thiourea nanoparticles
against microorganisms commonly found in wastewater needs investigated to find new ways
to address the challenge of water contamination and wastewater treatment.
3. PROBLEM STATEMENT
Conventional wastewater treatment methods involve biosorption, and aerobic and anaerobic
treatment methods which are probably of the most expensive approaches. Biological treatment
systems such as activated sludge and biological trickling filters are unable to remove a wide
range of emerging contaminants and most of these compounds remain soluble in the effluent
(Funk et al. 2015). Chlorination, though providing residual protection against regrowth of
bacteria and pathogens, results in undesirable tastes and odors in addition to the forming of
different disinfection by products (DBPs) in potable drinking water (Saliby et al. 2013).
Ozonation has been considered to be a less attractive alternative due to high costs and short
lifetime (Funk et al. 2015). Both ultraviolet (UV) photolysis and ion exchange, though being
advanced treatments, are not feasible alternatives for micro pollutants removal (Qu et al. 2013).
Therefore, there is a need to develop a better water treatment technology to address these
setbacks in water treatment (Saliby et al. 2013).
Membrane processes like microfiltration, ultrafiltration, nanofiltration, and reverse osmosis,
which are pressure-driven filtration processes, are considered as some new highly effective
processes (Walha et al. 2007). These are considered as alternative methods of removing huge
4

amounts of organic micro pollutants (Bodzek et al. 2004). Water or wastewater treatment by
membrane techniques is cost-effective and technically feasible and can be better alternatives
for the traditional treatment systems since their high efficiency in removal of pollutants meets
the high environmental standards (Yoon et al. 2006). Nanofiltration and reverse osmosis have
proved to be quite effective filtration technologies for removal of micro pollutants (Yoon et
al., 2006). Reverse osmosis is relatively more effective than nanofiltration but higher energy
consumption in reverse osmosis makes it less attractive than nanofiltration where removal of
pollutants is caused by different mechanisms including convection, diffusion (sieving), and
charge effects (Braeken et al. 2006). Although nanofiltration based membrane processes are
quite effective in removing huge loads of micro pollutants, advanced materials and treatment
methods are required to treat newly emerging micro pollutants (Bolong et al. 2009).
Recent studies have shown that water purification processes that have functional properties
such as high efficiency, low time and low cost are very important (Qu et al. 2013). The
application of nanotechnology to the purification and treatment of wastewater pollutants is
gaining popularity worldwide. Studies reveal the potential of resolving the current problems
involving water quality and quantity by using nanotechnology (Obare & Meyer 2004, Bottero
et al. 2006).
Since the water industry must meet the demands to produce drinking water of high quality,
there is a clear need for the development of cost-effective and stable materials and methods to
address the challenges of providing fresh water in adequate amounts. There is a need for
inventions of new water treatment methods. However, they need to be stable, economical, and
more effective as compared with the already existing techniques. To meet the aforementioned
demands, traditional treatment technologies have to be updated, modified or replaced by
efficient, cost-effective, and reliable methods. Thus, this study seeks to develop new methods
of water treatment using an advanced nanotechnology.
4. RESEARCH AIM
The main goal of this study is to assess antimicrobial activity of doped cobalt, Co/urea and
Co/thiourea nanoparticles against bacteria and fungi (yeast and mould) commonly found in
wastewater.
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5. RESEARCH OBJECTIVES
Despite advances in disinfection technology, outbreaks from waterborne infections are on the
rise, thus requiring new innovations of preventing these outbreaks.
The objectives of this research are therefore to:
5.1 To synthesize cobalt nanoparticles using a chemical reduction method.
5.2 To synthesize complexes of cobalt with thiourea using a template method.
5.3 To synthesize complexes of cobalt with urea using a direct solid-state reaction method.
5.4 To characterize the nanoparticles using Transmission Electron Microscopy (TEM),
Scanning Electron Microscopy (SEM), Fourier Transform Infrared (FT-IR)
Spectroscopy, X-ray diffraction (XRD) and Thermogravimetric Analysis (TGA).
5.5 To detect heavy metals in the nanoparticles.
5.6 To test antimicrobial activity of nanoparticles against bacteria and fungi (yeast and
mould) using well agar diffusion and minimum inhibitory concentration methods.

6. SIGNIFICANCE OF THE STUDY
Since water contamination is a public health concern, contaminants can be more effectively
removed even at low concentrations. Contaminants that were previously impossible to remove
could be easily removed.
Nanotechnology could radically reduce the number of steps, materials and energy needed to
purify water. This will make water purification processes easier to implement in rural areas and
associated communities.
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7. STRUCTURE OF THE DISSERTATION
This study is divided into following five chapters:
Chapter 1: This chapter is based on the research proposal and explains what the study intended
to achieve. It describes the following in detail: the background to the problem, the purpose of
the study, as well as the objectives.
Chapter 2: This chapter reviews literature from different settings that is relevant to this study.
Chapter 3: This chapter provides the research design and methods, as well as the materials
used, the analytical techniques and the instrumentation used.
Chapter 4 & 5: This chapter provides the results of the findings.
Chapter 6: This chapter provides the discussion of the findings.
Chapter 7: This chapter includes conclusion, recommendations and limitations of the study.

8. CONCLUSIONS

This chapter briefly discussed the study background to the problem, problem statement,
purpose and significance of the study. It was important to note that the chapter provided a clear
message of the intention of this study and contributed to the shortage and pollution of water.
Such insight requires enhancement. The researchers believe that an extensive review of the
literature is a good starting point for enhancing such an understanding. It was therefore
imperative to conduct a literature review on this subject, nanotechnology for waste water
treatment. The next chapter is a review of the literature on the synthesis, characterization and
antimicrobial activity of doped cobalt nanoparticles against selected microbes that are found in
wastewater.

7

CHAPTER 2
LITERATURE REVIEW

2.1 INTRODUCTION
Literature review refers to a systematic process whereby a search is performed to determine
the existing body of knowledge relating to the proposed topic under study (Anita et al. 2004).
The purpose of a literature review is “to determine the extent to which the topic under study is
covered in the existing body of knowledge” (Babbie & Mouton 2002). The literature review
presented in this chapter focuses on the water shortage, water pollution, characterisations of
the nanoparticles, antimicrobial activity and nanotechnology form a major part of this review.
2.2 WATER SHORTAGE

Water is the most vital substance in our life (Mara 2003). Clean drinking water is important for
overall health and plays a substantial role in infant and child health and survival (Anderson et
al. 2002; Fewtrell et al. 2005; Ross et al. 1988; Vidyasagar 2007). Approximately one-sixth of
the world’s population lacks access to clean drinking water (Vorosmarty et al. 2010).
According to World Health Organisation (2010), over 2.6 billion people lack access to clean
water. The world is facing formidable challenges in meeting rising demands of clean water as
the available supplies of freshwater are depleting due to extended droughts, population growth,
more stringent health-based regulations and competing demands from a variety of users
(Vorosmarty et al. 2010).
There is a limited possibility of an increase in the supply of fresh water due to competing
demand of increasing populations throughout the world (Privette & Smink 2017). Waterrelated problems are expected to increase further due to climate changes and due to population
growth over the next two decades (Hangchan 2011). Shortage of fresh water supply is also a
result of the exploitation of water resources for domestic, industry and irrigation purposes in
many parts of the world (Anneberg 2010).
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Figure 2.1: Pictures of water scarcity
2.3 WATER POLLUTION AND CHALLENGES
Water pollution is the addition of any material to water that alters its chemical, physical or
microbial composition to such an extent that it causes harm to man and other organisms (Chen
& Zhang 2013). Pollution of surface or ground water sources is another cause of reduced fresh
water supplies (Gao et al. 2012). Pollution of natural water is a problem for half of the world’s
population (Chen & Zhang 2013). Each year, it is estimated that about 4 billion people
worldwide are expected to have no access to clean and sanitised water supply and millions of
people die of severe water related diseases (Gao et al. 2012). These statistical figures are
expected to grow in the near future as there is an increase in contamination by discharge of
micro pollutants and contaminants into the natural water cycles (Zhang et al. 2011). The
problem with water is expected to worsen in the coming decades, with water scarcity occurring
globally, even in regions currently considered ‘water-rich’ (Zhang et al. 2011).
Water pollutants include toxic organic and inorganic chemicals, suspended solids and harmful
microorganisms (Russo et al. 2015). Aquifers around the world are depleting and being
polluted due to multiple problems of saltwater intrusion, soil erosion, inadequate sanitation,
and contamination of ground or surface waters by detergents, fertilizers, pesticides, chemicals
and heavy metals (Funk et al. 2015). Water contamination has implication for human health
which arises when contaminated water by chemicals and micro-organisms are consumed
(Russo et al. 2015). Most of these contaminations end up in natural water as a result of
industrial, agricultural and domestic activities (Plaza et al. 2013).
In general terms, the greatest microbial risks are associated with ingestion of water that is
contaminated with human or animal faeces. Wastewater discharges in fresh waters and costal
seawaters are the major source of faecal microorganisms, including pathogens (Szylak9

Szydlowski et al. 2016). Carte & Howsam 1997, Fewtrell et al., 2005 suggested that poor
health related to water is a result of unclean drinking water and of inadequate sanitation.

Water-borne diseases caused by various bacteria, viruses, and protozoa have been the causes
of many outbreaks (Craun et al. 2006). In developing countries water-borne diseases infect
millions (Fenwick 2006). World Health Organization (WHO 2014) reported that, each year 3.4
million people, mostly children (1.4 million), die from water-related diseases. According to
United Nations Children’s Fund (UNICEF) assessment, 4000 children die each day as a result
of contaminated water (UNICEF 2014). World Health Organization (WHO 2010) reports that
over 2.6 billion people lack access to clean water, which is responsible for about 2.2 million
deaths annually, of which 1.4 million are in children. Improving water quality can reduce the
global disease burden by approximately 4% (WHO 2010).

Clasen et al. 2007 and World Health Organization (WHO 2010) have reported a global concern
with the effects of unclean drinking water because water-borne diseases are a major cause of
morbidity and mortality. The World Health Organization (2005) estimated that worldwide
about 1.8 million people die from diarrheal diseases annually. Persons with compromised
immune systems, such as those with AIDS, are especially vulnerable to water-borne infections,
even those which are not typically threatening to healthy individuals (Kgalushi &Laurent
2005).

2.4 WASTEWATER AND CHALLENGES

Wastewater is any water that has been affected by human use. It is therefore a combination of
domestic, commercial, agricultural or industrial activities. Wastewater can contain any
physical, chemical and biological pollutants which are often discharged to a receiving water
body like a river, lake or ocean (Tilley et al. 2016).
If the wastewater contains human feaces, as is the case for sewage, then it may also contain
pathogens of one of the four types:
•

Bacteria (for example Salmonella, Shigella, Campylobacter, Vibrio cholerae),

•

Viruses (for example hepatitis A, rotavirus, enterovirus),

•

Protozoa (e.g. Entamoeba hystolytica, Giardia lamblia, Cryptosporidium parvum) and
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•

Parasites (e.g. Ascaris (roundworm), Ancylostoma (hookworm), Trichus (whipworm)
(WHO 2006; Anderson et al. 2016).

At a global level, around 80% of wastewater produced is discharged into the environment
untreated, causing widespread water pollution (World Water Assessment Programme 2017).
This usually has serious impacts on the quality of an environment and on the health of
people. The occurrence of new or emerging micro contaminants in polluted water or
wastewater has rendered existing conventional water/wastewater treatment plants ineffective
to meet the environmental standards (Crane & Scott 2012).
There are numerous processes that can be used to clean up wastewaters depending on the type
and extent of contamination. A combination of these technologies can meet strict treatment
standards and make sure that the processed water is hygienically safe, meaning free from
bacteria and viruses (WHO 2006).
Wastewater can be treated in wastewater treatment plants which include physical, chemical
and biological treatment processes. Treated wastewater can be reused in industry, in artificial
recharge of aquifers, in agriculture and in the rehabilitation of natural ecosystems. In rarer cases
it is also used to augment drinking water supplies. Nanotechnology is fast gaining popularity
in the purification and treatment of wastewater pollutants (Obare & Meyer. 2004). Studies
reveal the potential of resolving the current problems involving water quality and quantity by
using nanotechnology (Bottero et al., 2006).
2.5

NANOPARTICLES

Nanotechnology is being developed at several levels: materials, devices and systems (Salata
2004). Nanoparticles are less than a few 100 nm. This reduction in size brings about significant
changes in their physical properties with respect to those observed in bulk materials. They can
be metallic, mineral, polymer-based or a combination of materials (Rana & Kalaichelvan,
2013). Most of these changes are related to the appearance of quantum effects as the size
decreases, and are the origin of phenomena such as the super Para magnetism, Coulomb
blockade, surface plasmon resonance, etc. The increase in the surface area to volume ratio is
also a consequence of the reduction in size. It leads to the appearance of surface effects related
to the high number of surface atoms, as well as to a high specific area, which are important
from a practical point of view (Salata 2004).
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2.5.1 PROPERTIES OF NANOPARTICLES
Once the particle size is reduced below 100 nm, the solid particles begin to demonstrate unusual
properties from the bulk material based on quantum mechanics (Bhusan 2007). The surface
related properties and the quantum properties play a fundamental role in making the difference
in the properties of the bulk material with that of the nanoparticles (Roduner 2006). They
exhibit: size effects - Depending on the material used to produce nanoparticles, properties like
solubility, transparency, color, absorption or emission wavelength, conductivity, melting point
and catalytic behavior are changed only by varying the particle size. Properties like
dispersibility, conductivity, catalytic behavior and optical properties alter with different surface
properties of the particle. If the surface properties are not controlled, nanoparticles quickly turn
into larger particles due to agglomeration. Most of the size dependent effects are then lost. For
the application of nanoparticles, it is therefore crucial to control their agglomeration behavior
(Born et al., 2006).
2.5.2. Structural properties
The large specific surface area of the nanoparticles is an important property related to
reactivity, solubility, sintering performance etc. and is also related with the mass and heat
transfer between the particles and their surroundings. Furthermore, the crystal structure of the
particles may change with the particle size in the nanosized range in many cases. This is
attributed to the compressive force exerted on the particles as a result of the surface tension of
the particle itself. The critical particle size of the crystal structure and the size effect differ with
the materials (Grosset et al., 2016).
2.6. APPLICATION OF NANOPARTICLES IN WASTEWATER
The application of nanotechnology to the purification and treatment of wastewater pollutants
is gaining popularity worldwide. Researchers have shown that semiconductors and metallic
nanoparticles can be used as photocatalysts for water treatment (Bora & Dutta 2014).
Nanotechnology is still in the discovery phase of new materials that are being synthesized for
specific applications. Typically, during this phase of development, researchers focus mainly on
identifying new properties and applications. As a result, the examination of any unintended
properties of the material or concerns about the efficiencies of the material is often deferred.
Most of the semiconductors and metallic nanoparticles used as photocatalysts in the water
treatment are physiologically toxic and non-biodegradable. But to keep the pace with extremely
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rapid growth in nanotechnology in the field of remediation of water pollutants, there is the need
to develop very efficient but environmentally friendly nanomaterials such as bio composites
for water treatment (Brar et al., 2010).

Figure 2.2: A size comparison of nanoparticles with other larger-sized materials (Amin et al.
2014)
At this scale, materials possess novel and significantly changed physical, chemical and
biological properties mainly due to their structure, higher surface area to volume ratio offering
treatment and remediation, sensing and detection and pollution prevention (Brar et al., 2010).
These unique properties of nanomaterials, for example high reactivity and strong adsorption
are explored for application in water/waste treatment based on their functions in unit operations
as highlighted in Table 2.1.
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Table 2.1: Applications of nanoparticles in wastewater treatment (Amin et al. 2014)
Applications

Examples of nanomaterials

Adsorption

CNTs/ nanoscale metal oxide High specific surface area and
and nanofibers.

Novel properties

assessable adsorption sites,
selective and more adsorption sites,
short intraparticle diffusion
distance,

tuneable

surface

chemistry, easy reuse, and so forth
Disinfection

Nano silver/titanium dioxide Strong antimicrobial activity, low
(Ag/TiO2) and CNTs.

toxicity and cost, high
chemical stability ease of use.

Photocatalysis

Nano-TiO2 and Fullerene Photocatalytic activity in solar
derivatives.

spectrum, low human toxicity,
high stability and selectivity and
low cost.

Membranes

Nano-

Strong

Ag/TiO2/Zeolites/Magnetite

hydrophilicity low toxicity to

and CNTs.

humans,

antimicrobial

high

activity,

mechanical

and

chemical stability, high
permeability

and

selectivity,

photocatalytic activity.

Nanoparticles can penetrate deeper and thus can treat wastewater which is generally not
possible by conventional technologies. The higher surface area-to-volume ratio of
nanomaterials enhances the reactivity with environmental contaminants (Theron et al. 2010).
In the context of treatment and remediation, nanotechnology has potential to provide both water
quality and quantity in the long run through the use of, for example, membranes enabling water
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reuse and desalination (Theron et al. 2010). In addition, it yields low-cost and real-time
measurements through the development of continuous monitoring devices (Bora & Dutta
2014).
Nanoparticles, having high absorption, interaction and reaction capabilities can behave as
colloid by mixing with aqueous suspensions and they can also display quantum size effects.
Energy conversation leading to cost savings is possible due to their small sizes. However,
overall usage cost of the technology should be compared with other techniques in the market
(Khan et al. 2016).
Nanomaterials have effectively contributed to the development of more efficient and costeffective water filtration processes since membrane technology is considered as one of the
advanced wastewater treatment processes (Li et al., 2011). Nanomaterials have been frequently
used in the manufacturing of membranes, allowing permeability control and fouling-resistance
in various structures and relevant functionalities. Both polymeric and inorganic membranes are
manufactured by either assembling nanoparticles into porous membranes or blending
processes. The example of nanomaterials used in this formation include, for example metal
oxide nanoparticles like TiO2. Carbon nanotubes have resulted in desired outputs of improved
permeability, inactivation of bacteria (Das et al. 2012).
Finally, nano fibrous media have also been used to improve the filtration systems due to their
high permeability and small pore size properties. They are synthesized by a new and efficient
fabrication process, namely electrospinning and may exhibit different properties depending on
the selected polymers. In short, the development of different nanomaterials like nano sorbents,
nano catalysts, zeolites, dendrimers, and nanostructured catalytic membranes has made it
possible to disinfect-disease causing microbes, removing toxic metals and organic and
inorganic solutes from waste water (Elmi et al. 2014).
2.8 COBALT NANOPARTICLES
Cobalt is considered to be the first catalyst made from nonprecious metal with properties
closely matching those of platinum. Cobalt also serves as a model system for the macroscopic
magnetic response, because the low to moderate crystal anisotropy allows the effects of size,
shape, internal crystal structure and surface anisotropy to be observed in a single system. The
low crystal anisotropy of cobalt also promotes its study as a model system for the effects of
size, shape, crystal structure and surface anisotropy on their macroscopic magnetic response
(Sun & Murray, 1999).
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A variety of methods for the preparation of magnetic colloid dispersions have been reported.
Cobalt is one of the most important ferromagnetic metals due to its three metastable phases
with different crystallographic structures, namely the hexagonal closed packed (hcp) phase, the
face centred cubic (fcc) phase and the epsilon phase (Gabriella et al., 2015).
Because of the difference in crystal structure, variations in physical and magnetic properties
between the two polymorphs arise. HCP-Co is slightly denser than FCC-Co, even though both
phases are close-packed structures. HCP-Co is also magnetically harder than the FCC phase
due to its magnetic anisotropy and high coercivity as compared to the symmetrical and low
coercivity FCC phase. Thus, the highly anisotropic HCP-Co is more desirable for magnetic
recording and other permanent magnet applications (Gabriella et al., 2015).
2.9 Cobalt/Urea nanoparticles
The rich coordination chemistry of transition metals has led to the design and development of
novel ligands with unique structures and functional characteristics. Currently, significant
efforts are being directed towards the design of specific ligand architecture in synthetic and
applied chemistry (Zhang et al. 2013). One such area is the study of the coordination chemistry
of the transition metals, such as zinc, cadmium, mercury, cobalt and lead in attempt to design
specific ligands that can selectively bind these metals. Recently, the coordination chemistry of
cobalt and cadmium (II) has received increased attention mainly due to their significance and
impact on the environment and human body . In fact, the toxic effect of cadmium (II) is
associated with its competition with cobalt for a variety of important binding sites in cells such
as gene regulation (Hu et al. 2016).
Urea may be prepared in the laboratory by the interaction of ammonia with carbonyl chloride,
alkyl carbonates, chloroformates or urethans. Industrially, urea is prepared by allowing liquid
carbon dioxide and liquid ammonia to interact and heating the formed ammonium carbamate
at 130-150°C under about 35 atmospheric pressure. The carbamate is decomposed to form urea
and water according to the following reaction;
2NH3 + CO2→ NH2COONH4→ CO(NH2)2 + H2O
Urea is also extensively used in the paper industry to soften cellulose and has been used to
promote healing in infected wounds and many other applications in the field of medicine
(Karak & Bhattacharyya 2011)
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Figure 2.3: Structure of urea.
Crystal structure studies have shown that in solid urea, both nitrogen atoms are identical. Bond
length measurements in urea give the C-N distance as 1.37 Ao, while, in aliphatic amines the
C-N bond length is 1.47 Ao. This indicates that the C-N bond in urea has some double bond
character (about 28%) (Hu et al. 2016).
Complexes of urea with some metal ions are used as fertilizers. Complexes of urea with zinc
sulphate and nitrate, (Zn(CON2H4)6)SO4.H2O and (Zn(CON2H4)4)(NO3)2.2H2O have very
important application in this field. These complexes were found to increase the yield of rice
more than a dry mixture of urea zinc salt does. Calcium nitrate-urea complex, (Ca(urea)4)
(NO3)2, was used also as an adduct fertilizer. For example, metal–urea complexes have a
pharmaceutical application that the platinum–urea complex was recorded a significant effect
as an antitumor agent (Zhang et al. 2013).
Urea plays a big role in the dried particles by preventing the interconnection between
precipitated particles. With further heating by flame, urea decomposed and primary particles
disintegrated producing nanoparticles (Terashi et al., 2008).
In the study of Flame-assisted spray pyrolysis (FASP), Urea was used to produce BaTio3
nanoparticles with relatively high tetragonality and controlled sizes from 23 to 33 nm in onestep process. The addition of urea into the precursor was the key factor for the formation of
tetragonal BaTio3 nanoparticles; the lack of urea addition led to the formation of
submicrometric BaTiO3 (Terashi et al., 2008).
2.10 Cobalt/Thiourea nanoparticles

Figure 2.4: Structure of thiourea
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Thiourea is a white crystalline solid. It is soluble in water, soluble in polar protic and aprotic
organic solvents and insoluble in non-polar solvents. It is analysed mainly by high performance
liquid chromatography (HPLC) with subsequent ultraviolet (UV) detection. Based on thiourea
use pattern, the hydrosphere is expected to be its main environmental target compartment.
Measured concentrations of the chemical in surface waters are not available (Binzet et al.
2013).
Thiourea will be biodegraded by an adapted microflora only after extended acclimation
periods. Thus, under conditions not favouring biotic or abiotic removal, thiourea may be
present in surface waters and sediment particles, however, is not to be expected as indicated by
soil to groundwater seems possible, particularly under conditions unfavourable for biotic
degradation (Karak & Bhattacharyya 2011).
Thiourea is an antioxidant. After oral administration to humans and animals, it is almost
completely absorbed and is excreted largely unchanged via kidneys (Binzet et al. 2013).
Thiourea in the synthesis of nanoparticles it is used as a precursors and stabilizing agents
(Jianxi et al. 2003).
2.11 CHARACTERIZATION TECHNIQUES
2.11.1 INTRODUCTION
It is very important to understand the properties and applications of the characterization of
materials. The technical application of nanoparticles mainly depends on their surface. It is
therefore crucial to the chemist to control the surface and thus the properties of single particles.
However, the qualitative and quantitative analysis of the surface of a single nanoparticle
ensemble is challenging (Born et al. 2006). The techniques that are adopted to characterize the
nanoparticles are: UV-Visible Spectroscopy (UV), Photoluminescence spectroscopy (PL),
Fourier-transform infrared spectroscopy (FT-IR), Scanning electron microscopy (SEM),
Transmission electron microscopy (TEM), Nuclear magnetic resonance (NMR) and
Thermogravimetric analysis (TGA).
2.11.2. UV-Vis Spectroscopy
UV-Vis spectroscopy is determined through exciting electrons from the ground to excited
states (absorption) and relaxing from the excited to ground states (emission). It deals with the
study of electronic transitions between orbitals or bands of atoms, ions or molecules in gaseous,
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liquid and solid state (Lili & Youshi, 2007). Small metallic nanoparticles are proven to have
the property for absorption and scattering electromagnetic radiation. The absorption of
electromagnetic radiation by metallic nanoparticles originates from the coherent oscillation of
the valence band electrons induced by an interaction with the electromagnetic field (Guo et al.,
2004). These resonances are known as surface plasmons, which occur only in the case of
nanoparticles and not in the case of bulk metallic particles (Lili & Youshi, 2007). Hence, UVVis spectroscopy can be utilized to study the unique optical properties of nanoparticles (Niara
et al., 2015).
2.11.3 Photoluminescence Spectroscopy
It is a contactless, non-destructive method to probe the electronic structure of materials. The
intensity and spectral content of the emitted photoluminescence is a direct measure of various
important material properties, including band gap determination, impurity levels and defect
detection and recombination mechanisms (Lili & Youshi, 2007). Light is directed onto a
sample, where it is absorbed and imparts excess energy into the material in a process called
photo-excitation. Photo-excitation causes electrons within a material to move into permissible
excited states. These electrons return to their equilibrium states, by a radiative process or by a
non-radiative process. The quantity of the emitted light is related to the relative contribution of
the radiative process (Niara et al., 2015).
2.11.4 Fourier-transform Infrared spectroscopy (FT-IR)
The vibrational technique involved is the interactions of photons with species in a sample that
results in energy transfer to or from the sample via vibrational excitation or de-excitation.
These vibrational frequencies provide information about chemical bonds in the detecting
samples. It deals with the vibration of chemical bonds in a molecule at various frequencies
depending on the elements and types of bonds. After absorbing electromagnetic radiation, the
frequency of vibration of a bond increases leading to transition between ground state and
several excited states. These absorption frequencies represent excitations of vibrations of the
chemical bonds and thus are specific to the type of bond and the group of atoms involved in
the vibration. The energy corresponding to these frequencies correspond to the infrared region
of the electromagnetic spectrum (Hari et al. 2005).

19

2.11.5 X-ray diffraction
X-ray diffraction has been used to determine the crystal structure of solids, including lattice
constants and geometry, identification of unknown materials, orientation of single crystals,
defects (Wang, 2000). The X-ray diffraction patterns are obtained by measurement of the
angles at which an X-ray beam is diffracted by the crystalline phases in the specimen. Bragg’s
equation relates the distance between two hkl planes (d) and the angle of diffraction (2θ) as: nλ
=2dsinθ, where, λ = wavelength of X-rays, n = an integer known as the order of reflection (h,
k and l represent Miller indices of the respective planes) (Bragg and Bragg, 1949). From the
diffraction patterns, the uniqueness of nanocrystal structure, phase purity, degree of
crystallinity and unit cell parameters of the nanocrystalline materials can be determined. X-ray
diffraction technique is non-destructive and does not require elaborate sample preparation,
which partly explains the wide use of XRD methods in material characterization. X-ray
diffraction broadening analysis has been widely used to determine the crystal size of nanoscale
materials. The average size of the nanoparticles can be estimated using the Debye-Scherrer
equation: D = kλ / βcosθ where D = thickness of the nanocrystal, k is a constant, λ = wavelength
of X-rays, β = width at half maxima of (111) reflection at Bragg’s angle 2θ (Saini et al. 2013).
2.11.6 Transmission electron microscopy (TEM)
Electron microscopes are scientific instruments that use a beam of energetic electrons to
examine objects on a very fine scale. The transmission electron microscope (TEM) was the
first type of electron microscope to be developed and is patterned exactly on the light
transmission microscope except that a focused beam of electrons is used instead of light to “see
through” sample. It was developed by Max Knoll and Ernst Ruska in Germany in 1931.
Transmission electron microscopy is typically used for high resolution imaging of thin films
of a solid sample for nano structural and compositional analysis. The topographic information
obtained by TEM in the vicinity of atomic resolution can be utilized for structural
characterization and identification of various phases of nanomaterial (Wang et al. 2013). The
technique involves: (i) irradiation of a very thin sample by a high-energy electron beam, which
is diffracted by the lattices of a crystalline or semi-crystalline material and propagated along
different directions, (ii) imaging and angular distribution analysis of the forward-scattered
electrons (unlike SEM where backscattered electrons are detected), and (iii) energy analysis of
the emitted X-rays (Li et al. 2014).
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2.11.7 Scanning Electron Microscope (SEM)
It is a very useful imaging technique that utilised a beam of electrons to acquire high
magnification images of samples. The SEM maps reflect electrons and allows imaging of thick
(~ mm) samples. SEM images are formed by scanning a beam across the sample and forming
the image point-by-point. The SEM is an instrument that produces a largely magnified image
by using electrons instead of light to form an image. A beam of electrons is produced at the top
of the microscope by an electron gun. The electron beam follows a vertical path through the
microscope, which is held within a vacuum. The beam travels through electromagnetic fields
and lenses, which focus the beam down toward the sample. Once the beam hits the sample,
electrons and X-rays ejected from the sample. Detectors collect these X-rays, backscattered
electrons and secondary electrons and convert them into a signal that is sent to a screen similar
to a television screen (Michler & Balta-Calleja 2012). This produces the final image.
2.11.8 Thermogravimetric analysis
Thermogravimetric analysis (TGA) is conducted on an instrument referred to as a
thermogravimetric analyzer. A thermogravimetric analyzer continuously measures mass while
the temperature of a sample is changed over time. Mass, temperature, and time in
thermogravimetric analysis are considered base measurements while many additional measures
may be derived from these three base measurements (Janet & Szafert 2017).
Thermal analysis is an appropriate methodology to assess a wide range of properties of
substances. Many of them associated with a particular technique. Whereby, the identification
is made the physical and chemical stability is checked, changes of phase are detected and
fundamental kinetic studies are performed (Bruce et al. 2008).
2.12 Antibacterial activity
Determining the effectiveness of a nanoparticle as an antibacterial agent requires experimental
techniques that measure bacteria viability after exposure. While numerous techniques have
been developed to determine the antibacterial activity of nanoparticles, many of them are
flawed in their own way. As a result, multiple techniques are often used in a single study to
compare and confirm antibacterial results. Furthermore, Gram-positive and Gram-negative
bacteria may respond to antibacterial nanoparticles differently and also assay differently.
Therefore, studies often include both Gram-positive and Gram-negative species in a variety of
assays to determine antibiotic efficacy. Due to the importance of developing novel antibacterial
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treatments, bacteria plating is a technique that can be used to evaluate bacterial susceptibility
to nanoparticles (Ricco & Assadian 2011).
2.13 Microbial routes for nanoparticles synthesis
Many studies show that microorganisms, both unicellular and multicellular have the ability to
synthesize inorganic materials. The biological synthesis can be considered a bottom-up
approach where nanoparticle formation occurs due to the reduction/ oxidation of metallic ions
via biomolecules such as enzymes, sugars, and proteins secreted by the microorganism (Prabhu
& Poulose 2012). However, a complete understanding of nanoparticle synthesis mechanism
occurring in microorganisms is yet to be developed. This is because each type of
microorganism tends to behave and interact differently with particular metallic ions. The
interaction and biochemical processing activities of a specific microorganism and the influence
of environmental factors such as pH and temperature ultimately determine the formation of
nanoparticles with a particular size and morphology (Makarov et al., 2014). Nanoparticle
formation can be either extracellular or intracellular depending on the microorganism (Wang
et al., 2012).
2.14 Bacteria
Bacteria are the most common of the microbial pathogens found in wastewater. There are a
wide range of bacterial pathogens and opportunistic pathogens which can be detected in
wastewaters. Many of the bacterial pathogens are enteric, however, bacterial pathogens which
cause non-enteric illnesses such as Legionella spp, Mycobacterium spp., and Leptospira have
also been detected in wastewaters (Dhillon et al., 2012).
Gastrointestinal infections are among the most common diseases caused by bacterial pathogens
in wastewater. Acute microbial diarrheal diseases are a major public health problem in
developing countries. People affected by diarrheal diseases are those with the lowest financial
resources and poorest hygienic facilities. Children under five, primarily in Asian and African
countries, are the most affected by microbial diseases transmitted through water (Muirhead &
Monaghan 2012).
Water-borne bacterial infections Vibrio cholerae causing cholera and salmonellosis caused by
a number of Salmonella species, and dysentery, caused by various Shigella species as well as
some Salmonella species. Dysentery – like infections have also recently been found to be
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caused by a disease caused by Salmonella spp, has been traced food stuffs irrigated with
wastewater (Kumar et al. 2013).
The contamination of food by water containing known toxin producing organisms such as
Shigella sonnei, Salmonella spp, E. coli or Clostridium perfringens can cause outbreaks of food
poisoning (Muirhead & Monaghan 2012).
As well as the established pathogens, a number of opportunistic pathogens can be found in
untreated and treated wastewaters. These opportunistic pathogens include Pseudomonas,
Streptococcus and Aeromonas species (Oikonomou et al. 2012). These opportunistic pathogens
can be commonly isolated from a wide range of environmental water samples including
wastewaters. They are often members of natural microbial populations and, at times, can be
major members of these populations (Seil & Webster, 2012). Many opportunistic pathogens,
being members of the natural microbial population, have the ability to rapidly increase in
number when given sufficient nutrients. As wastewaters often have high nutrient loads, high
numbers of these opportunistic pathogens can be present, increasing the risk of infections
occurring from them (Oikonomou et al. 2012).
2.14.1 Escherichia coli
Escherichia coli (E. coli) is a Gram negative, rod shaped bacteria that lives in the lower guts
of warm blooded ruminant animals and humans. The normal strains of E.coli that inhabit the
guts of these animals are beneficial. But some strains of E. coli such as the infamous O157:H7
strain are very dangerous. If water or food containing this strain of E. coli is ingested, serious
illness and death can occur (Gaffield et al. 2003).
E. coli is unique in that it can survive outside the body of its host for an extended period,
making it an excellent choice as an indicator organism for the presence of animal waste in the
environment. A water source becomes contaminated with E. coli when animal waste makes its
way into the water.
2.14.2 Pseudomonas aeruginosa
Pseudomonas aeruginosa is a common Gram-negative, rod-shaped bacterium that can cause
disease in humans. It is a multidrug resistant associated with serious illnesses such as
pneumonia and sepsis (Poole 2004). It is an opportunistic pathogen affecting the immunecompromised but can also infect the immune-competent as in hot tub folliculitis (Balcht &
Smith 1994).
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Pseudomonads are a large group of free-living bacteria that live primarily in soil, seawater, and
fresh water. Pseudomonads are highly versatile and can adapt to a wide range of habitats and
can even grow in distilled water. This adaptability accounts for their constant presence in the
environment (Poole 2004). They are responsible for food spoilage and degradation of
petroleum products and materials. In normal healthy humans, they are responsible for eye and
skin diseases (Botzenhart and Doring 1993). They also cause serious life-threatening illnesses
in burn and surgical patients and in immune-compromised individuals (Bodey et al. 1983).
P. aeruginosa is also known for contaminations recreational waters and tap water associated
with outbreaks; however, the relative role water plays in the transmission of this bacterium to
humans is still unclear (Hollyoak et al, 1995).
According to Hardalo and Edberg (1997), the range of infections caused by P. aeruginosa is
narrow and related to specific changes in the defense and immune status of the host. They claim
(multiple times) that the bacterium does not attack normal tissue. In many cases, this is true.
However, P. aeruginosa is a well-established cause of ear and/or skin infections in healthy
non-compromised hosts. It may be argued that extended water-to-skin contact damages tissue
by removing fatty acids, oils, and keratin layers. This type of damage is unavoidable, as are
minor tiny scratches caused by the wearing of contact lenses which can predispose a person to
infection. The type of infections caused by P. aeruginosa is actually quite large, and this
bacterium is a leading cause of illness in compromised hosts
2.14.3 Salmonella typhi
Salmonella typhi is a Gram-negative bacterium also known as Salmonella enterica serotype,
growing in the intestine and blood (CDC 2013). Typhoid is spread by eating or drinking food
or water contaminated with the faeces of an infected person (WHO 2008). Humans are the only
known carriers of the bacteria. An asymptomatic human carrier is an individual who is still
excreting S. typhi in their stool a year after the acute stage of the infection. Human carriers are
responsible for the transmission of the bacteria in endemic regions of the world (Eng et al;
2015).
Multiple drug resistant (MDR) Salmonella strains, represent an increased hazard for human
health and that may contribute to the dissemination of drug resistances are also detected in
surface water in developed countries. Surface runoff was shown to play a main role as driver
of Salmonella load in surface waters (Crump et al. 2016). Accordingly, analysis of serovars
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indicated a mixed human and animal origin of Salmonella contribution to surface waters,
emphasizing the role of wild animals in water contamination. Data relating to Salmonella
prevalence in surface and drinking water in developing countries are quite rare. Nevertheless,
data on water-borne outbreaks as well as case control studies investigating the risk factors for
endemic typhoid fever confirmed the relevance of water as source for the transmission of this
disease. In addition, epidemiological studies and Salmonella surveys, consistently provided an
undeniable evidence of the relevance of MDR Salmonella typhi strains in water-borne typhoid
fever in developing countries (Levantesi et al. 2012).
2.14.4 Salmonella enterica
Salmonella is one of the leading causes of intestinal illness all over the world as well as the
etiological agent of more severe systemic diseases such as typhoid and paratyphoid fevers.
While water is known to be a common vehicle for the transmission of typhoidal Salmonella
serovars, non-typhoidal salmonellae are mainly known as foodborne pathogens (Levantis et al.
2012).
Salmonella enterica is a genus of rod-shaped (bacillus) Gram-negative bacteria of the family
Enterobacteriaceae. The two species of Salmonella are Salmonella enterica and Salmonella
bongori. S. enterica is the type species and is further divided into six subspecies that include
over 2,600 serotypes (Gal-Mor et al. 2014).
Salmonella enterica is a non-spore-forming, predominantly motile enterobacteria with cell
diameters between about 0.7 and 1.5 µm, lengths from 2 to 5 µm, and peritrichous flagella
(Fàbrega & Vila 2013). It is also a facultative aerobe, capable of generating ATP with oxygen
("aerobically") when it is available, or when oxygen is not available, using other electron
acceptors or fermentation ("anaerobically"). Salmonella enterica subspecies are found
worldwide in all warm-blooded animals and in the environment.
Salmonella species are intracellular pathogens (Jantsch et al. 2011); certain serotypes can cause
food-borne infection and illness. S.enterica serotypes can be transferred from animal-to-human
and from human-to-human. They usually invade only the gastrointestinal tract and cause
salmonellosis (Ryan & Ray 2004).
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2.14.5 Shigella sonnei
Shigella sonnei (S. sonnei) is a species of shigella. Together with Shigella flexneri, it is
responsible for 90% of Shigellosis cases (Jain et al. 2005). Shigellosis is one of the most
contagious types of diarrhea caused by bacteria Shigella sonnei. It is a Gram-negative, rodshaped, nonmotile, nonspore-forming bacterium (Holt et al. 2012).
Shigellae are transmitted by the direct faecal-oral route. As a consequence, food has the
potential to be contaminated through the soiled fingers of patients or carriers. The transfer of
shigellae by flies breeding on faeces has been established as a very important transmission
route during some outbreaks. Shigella sonnei can be found in surface waters and also within
contaminated drinking water (Steven et al. 2014).
2.15 Mould
Biosynthesis of nanoparticles utilizing fungi is widespread among many research groups
globally and the synthesis occurs at both extracellular and intracellular locations. For example,
fungi such as Aspergillus niger, has been frequently reported for their biosynthetic ability to
create both Ag and Au nanoparticles (Gade et al. 2008). Moreover, studies have shown that
fungi are capable of producing mono dispersed nanoparticles and particle sizes over a wide
range of different chemical compositions. Fungi possess some additional attributes when
compared to their bacterial counterparts for the synthesis of metallic nanoparticles. For
instance, fungi secrete large amounts of proteins and enzymes per unit of biomass, which
results in larger amounts of nanoparticles being, manufactured (Narayan & Sakthivel 2010).
Studies have shown that some fungi possess high intracellular metal uptake volume and the
synthesized particles tend to be small in size (Mukherjee et al. 2002). However, the culture
conditions can have a significant influence during the biosynthesis of metallic nanoparticles.
For example, the biological reduction of Au ions was carried out using Trichothecium spp.
Biomass under stationary conditions synthesized extracellular nanoparticles. In contrast,
agitation of the biomass tended to produce intracellular nanoparticles (Wang et al. 2012).
Fluorescence spectra have shown that extracellular synthesis of nanoparticles by the fungi
results from the action of bioactive reducing agents secreted from the cell wall and it produces
protein-stabilized nanoparticles. The study was able to show that the same proteins released by
the fungal biomass were present in the solution and also bound to the surfaces of nanoparticles
(Hulkoti & Taranath 2014). Both extracellular and intracellular synthesis of nanoparticles
using fungi has been investigated. In the case of intracellular synthesis, extraction procedures
26

in downstream processing suffer from the drawback of low yields. In contrast, extracellular
synthesis produces nanoparticles at the cell surface or at the periphery of the cell, which means
they can be readily recovered in downstream processing (Dhillon et al. 2012 & Kathiresan et
al. 2009). A very notable feature of some fungi is their ability to synthesize nanoparticles of
different chemical compositions.
2.16 Yeasts
Yeasts, like many other microorganisms, have the ability to absorb and accumulate significant
amounts of toxic metals from their surrounding environment (Mandal et al. 2006). Candida
albicans is the common pathogenic species because it expresses higher levels of putative
virulence factors compared to other Candida species. It is known to cause superficial infections
such as oral candidiasis as well as severe systematic infections. Antifungal drugs are available
that can successfully treat candidiasis. However, it has been discovered that C.albicans is
developing resistance to the drugs used currently; they have side effects and are costly.
Therefore, there is compelling need for the development of a new antifungal drugs that can
successfully treat many fungal infections including oral candidiasis with minimal effect on the
host and available at a cheaper cost. (Sudha et al. 2013)
The genus Candida comprises about 200 yeast species, with C.albicans accounting for most of
candidal infections. However, in recent times, the prevalence of other candidal species in the
mouth such as C. glabrata, C. tropicalis, C. krusei, C. dubliniensis and C. parapsilosis appear
to have been on the increase as pathogens. It has been reported that candidal species occur as
commensals on the normal oral and oro-pharyngeal epithelium of up to 60% of
immunocompetent, non-hospitalized subjects who are free of clinically detectable oral
candidosis (Farah et al., 2010). C.albicans exists in the mouth in three different morphological
forms: the yeast cell, also termed blastopore or blastoconidium, the septate filamentous form
termed the pseudohypha, and the non-septate filamentous form, the hypha. The yeast cell is
commensal, avirulent, does not invade the oral epithelium, and in a healthy host, induces
regulatory immune responses mediated by keratinocytes and epithelial immunocytes releasing
into the local microenvironment a number of biological agents which induce protective
immune responses, preventing the development of clinical infection (Feller et al. 2014).
The transition from the commensal yeast form to the potentially pathogenic filamentous forms
occurs in response to local micro-environmental stress signals on a background of systemic
and local predisposing factors This transition is associated with the production of virulence
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factors that promote the adhesion of the fungus to the epithelium, colonization, proliferation,
and then invasion of the oral epithelium with evasion of protective immune responses by the
fungus (Prabhu & Poulose 2012).
The transition of Candida from a commensal to a pathogenic form causing clinical infection is
associated to a great extent with any reduction in the inherent fitness of the immune system.
To a lesser extent the transition is influenced by changes in the microenvironment in response
to antibiotic treatment, xerostomia, malignancy, systemic chemotherapy, pregnancy, or
diabetes with possible secondary reduction in the fitness of the immune system (Zhang et al.
2015).
To add to the complexity of the pathogenesis of oral candidosis, it is now evident that in the
mouth, Candida usually resides in mixed fungal-bacterial biofilms encapsulated in, and
protected by, a matrix of glycoproteins and polysaccharides. Within this biofilm, the bacterialfungal interactions influence the morphogenetic status, virulence, proliferation and survival of
Candida. Nutrient availability, saliva composition and flow dynamics, and the level of oral
cleanliness are some of the local factors that determine the density, thickness and the biological
properties of the mixed biofilm (Chauhan et al. 2013).
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CHAPTER 3
RESEARCH DESIGN AND METHODOLOGY

This chapter outlines the research methodology, experimental techniques and instrumentation
used by which the aim of this study was achieved. It also provides detailed information on the
research materials and research procedure.
Synthesis of the
nanoparticles

Reagents
(Chemicals and
media)

Heavy metal
testtests

Antimicrobial tests

MIC

Characterization
s

Well
diffusion

TEM, SEM, FTIR, UV-VIS, PL,
TGA, XRD

Figure 3.1: Research design
3.1 MATERIALS AND METHODS
Cobalt (II) chloride hexahydrate, cobalt (II) nitrate hexahydrate, benzil diethylenetriamine,
Hydrazine monohydrate, Sodium citrate dehydrate, NaOH, H2SO4, Dimethylformamide, Urea,
Thiourea and Sodium hydroxide were obtained from Sigma Aldrich and were used as
purchased. Ether, acetone, methanol, ethanol and n-butanol (analytical grade) obtained from
Sigma Aldrich were used without further purification and distilled water was also used as a
solvent.
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3.2 EXPERIMENTAL PROCEDURE
3.2.2 Synthesis of cobalt nanoparticles using Co-precipitation method.
The cobalt nanoparticles were synthesized without any capping agents by co-precipitation
method. In this procedure 1:1, 1:2; 1:3 and 2:1 M ratio of Co(NO3)2.6H2O, and NaOH were
dissolved in 20 ml distilled water under constant magnetic stirring. About 1.6 g NaOH solution
was dropped in 148.48 g Co(NO3)2.6H2O solution under constant stirring for 2 hours at room
temperature. Then it was allowed to hold on overnight at room temperature. The cobalt
hydroxide settles down and the excess solution found on top was discarded very carefully. The
stock solution of precipitates was separated using a centrifuge and heated at 80ºC for 5 hours.
Finally, the black colour was obtained (Wadekar et al. 2017).
3.3 SYNTHESIS OF COBALT WITH UREA AND THIOUREA COMPLEXES

Figure 3.2: Schematic representation for the synthesis of cobalt doped nanoparticles
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3.3.1 Complexes of thiourea with cobalt
CoCl2.6H2O (4.76 g) was dissolved in 30 mL n-butanol and 6.08 g of thiourea was added. The
mixture was heated and refluxed for three hours on heating until complete dissolution of the
entire solid was attained. The solution was cooled to room temperature and benzene was added
until a slight permanent turbidity was produced. It was cooled in an ice chest and resulted in a
blue solid precipitate. The precipitate was filtered and washed twice with ethanol and acetone
under vacuum (Amutha et al. 2011).
3.3.2 Complexes of urea with Cobalt
The complexes of urea were prepared by mixing equal methanolic solutions of 4.76 g of Co
(NO3).6H2O in 25 mL of methanol with a 50 mL volume of 6.08 g of urea solution in methanol
solvent. The mixture was stirred for about 12 hours under refluxed system at room temperature.
The amount of the formed precipitate was increased during standing. The precipitate complex
was filtered off and dried under vacuum (Omar, 2012).
3.4 CHARACTERIZATION TECHNIQUES
3.4.1 INTRODUCTION
The characterization of materials is important for understanding their properties and
applications. This part describes experimental set ups utilized for various measurements
towards the characterization of the synthesized nanoparticles. The techniques adopted to
characterize

the

nanoparticles

are:

UV-Visible

Spectroscopy,

photoluminescence

spectroscopy, Fourier transform infrared spectroscopy, Raman spectroscopy, scanning electron
microscopy, transmission electron microscopy, nuclear magnetic resonance and X-ray
diffraction.
3.4.2 UV-VISIBLE spectroscopy (UV-Vis)
The sample was prepared by dissolving the nanoparticles with distilled water to make a dilute
sample solution and sonicated for 60 minutes. The UV-Vis was turned on to allow the lamps
to warm up. A cuvette was filled with the distilled water and placed inside the
spectrophotometer to read the blank results for the absorbance spectrum. This serves as blank
control and helps account for light losses due to scattering or absorption by the solvent. The
cuvette was rinsed twice with the diluted nanoparticles. The cuvette was filled quarter full (the
cuvette should be clean of any fingerprints) and placed in the spectrophotometer in the correct
direction and covered to prevent any ambient light. Absorbance spectrum was collected by
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allowing the instrument to scan through different wavelengths to collect the absorbance
(Nemade & Waghuley 2013).
3.4.3 Photoluminescence spectroscopy (PL)
The sample was prepared by dissolving the nanoparticles with distilled water to make a dilute
sample solution and sonicated for 60 minutes. The UV-Vis was turned on to allow the lamps
to warm up. A cuvette was filled with the distilled water and placed inside the
spectrophotometer to read the blank results for the absorbance spectrum. This serves as blank
control and helps account for light losses due to scattering or absorption by the solvent. The
cuvette was rinsed twice with the diluted nanoparticles. The cuvette was filled quarter full (the
cuvette should be clean of any fingerprints) and placed in the spectrophotometer in the correct
direction and covered to prevent any ambient light. Absorbance spectrum was collected by
allowing the instrument to scan through different wavelengths to collect the absorbance
(Nemade & Waghuley 2013).
3.4.4 Transmission electron microscopy (TEM)
TEM images were recorded by JEOL JEM 1010 transmission electron microscope equipped
with an AMT XR40 digital imaging camera at a magnification of 1000 x and a maximum
accelerating voltage of 10 kV. Samples were dispersed in ethanol and it was ultrasonicated for
20 minutes. A drop of nanoparticles suspension was coated onto the copper grid, followed by
negative staining with an aqueous solution of uranyl acetate at 1% (w/v). Particles diameter of
approximately 300 randomly selected nanoparticles from different TEM micrographs was
determined using the morphometry software image JV, 1.44 (Sun et al., 2013).
3.4.5 Fourier transform infrared spectroscopy (FT-IR)
FT-IR absorption spectrum of nanoparticles was obtained from 16 scans at a resolution of 4
cm

-1

in the region of 400-4000 cm-1 using a Bomem MB- 120 FT-IR spectrometer that is

equipped with a potassium bromide beam splitter and a deuterated triglycine sulphate (DTGS)
detector. To prepare the samples, a small quantity of freeze-dried nanoparticles was deposited
on potassium bromide tablet surface prior to FT-IR analysis (Zhang et al., 2015).
3.4.6 X-ray diffraction (XRD)
X-ray diffraction (XRD) patterns on powdered samples were carried out in the 2θ on a D8
diffractometer. Samples were placed in silicon zero background sample holder.
Measurements were taken using a glancing angle of incidence detector at an angle of 2°, for
2θ values over 20° – 60° in steps of 0.05° with a scan speed of 0.01 °2θ.s-1.
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3.4.7 Scanning Electron Microscope (SEM)
The samples were prepared by placing a drop of diluted solution of sample in toluene onto a
copper grid (Bao et al., 2005). The samples were allowed to dry completely at room
temperature. The HRTEM Joel JEM-2100 microscope was used to study the surface
morphology of the sample operating at 200 kV (Plaza et al. 2013).
3.4.8 Thermogravimetric analysis (TGA)
The sample preparation for thermogravimetric analysis was done by weighing 10 mg of the
complexes. These complexes were decomposed at temperature range of 50 to 930 °C. This
analysis was performed on a Perkin Elmer Pyris 6 TGA under an inert atmosphere of dry
nitrogen, and heating rate of 10 °C.Min-1.
3.5 HEAVY METALS
1.568 g of Pb (NO3)2 was dissolved into 100 ml of distilled water and diluted into 1 L of (1000
ml) of distilled water to make stock solution. A stock solution containing Pb2+ was prepared by
dissolving a known quantity of lead nitrate (Pb(NO3)2) in deionized water. To 200ml of stock
solution 0.15ml of 0.1M Nitric acid was added and heated in a glass evaporating dish on a
water-bath until the volume is reduced to 20 ml. 2 ml of the concentrated solution complies
with limit test A. The reference solution was prepared by using 10 ml of lead standard solution
(1 ppm Pb) R and adding 0.075 ml of 0.1 M Nitric Acid. Blank solution was prepared by adding
0.0075 ml of 0.1 M Nitic acid.
To each solution, 2 ml of buffer solution pH 3.5 R. mix and added to 1.2 ml of thioacetamide
reagent R. the solution was mixed immediately. The solution was examined after two minutes.

3.6 ANTIBACTERIAL ACTIVITY
3.6.1 Introduction
In this study the prepared nanoparticles were investigated against microorganisms which were
purchased from Inqaba laboratory and preserved in the laboratory and used as references
strains.

33

All the organisms that were used are tabled in Table 1.
Table 3.1: Organisms that were used for the antimicrobial studies
Bacteria

Mould

Yeasts

Shigella sonnei

Aspergillus niger

Candida albicans

Salmonella typhi
Salmonella enterica
Escherichia coli
Pseudomonas aeruginosa

3.6.2 Bacterial culture preparation
3.6.2.1 Preparation of the nanoparticles
About 0.2 g of each nanoparticles were weighed into a test tube (Urea, Thiourea & Cobalt) and
diluted into 1 ml of distilled water to prepare 200 ppm of solution. The nanoparticles solution
was sonicated for 45 minutes to disperse the particles. The test tubes were closed with the lid
and wrapped with parafilm to avoid contamination and placed in the fridge (Okafor et al., 2013)
3.6.2.2 Preparation of Mueller Hinton Broth (MHB)
MHB was used in serial dilutions of prepared nanoparticles. It was prepared by dissolving 21.0
g of MHB powder in 1 liter of distilled water, followed by heating it on a Bunsen burner.
Sterilization of MHB at 121°C at 15 minutes was performed using an autoclave and it was then
cooled in water bath for 45 minutes and stored at 4°C (Balouiri et al. 2015)
3.6.2.3 Mueller Hinton Agar (MHA)
About 38 g of MHA was dissolved in 1 liter of distilled water, mixed thoroughly and heated
on a Bunsen burner and boiled for 1 minute to completely dissolve components. The MHA was
autoclaved at 121°C for 15 minutes. The media was cooled at 45°C and poured into sterile petri
dishes on a level, horizontal surface to give uniform depth. The agar was solidified at room
temperature and stored at 4°C (Balouiri et al. 2015).
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3.6.2.4 Preparation of bacteria cultures
A small amount of the bacterial strains from the culture was grown into the test tubes containing
9 ml of MHB. The test tube was covered with the lid and incubated overnight in an orbital
shaker (150 rpm) at 37°C (Balouiri et al. 2015).
3.6.2.5 Preparation of resazurin dye
Resazurin dye was prepared at 0.015% by dissolving 0.015 g vortexed and filter sterilized and
stored at 4ºC for a maximum of two weeks after preparation (Mohammed et al. 2016).
3.6.2.6 Preparation of neomycin
About 0.10 g of neomycin was weighed and dissolved in 10ml of distilled water, dissolved
completely and filter-sterilized. Stored kept at -20ºC for a year after preparation (U.S.
Pharmacopeia 35).
3.6.2.7 Serial dilution preparation and MIC determination
Minimum inhibitory concentration of the nanoparticles was determined using serial two-fold
dilutions. The availability of bacterial cells was exposed to varying concentrations of the
nanoparticles were analyzed in a 96 well microtiter plate using resazurin dye. Overnight
cultures of the bacteria were diluted to approximately 106 CFU/ml. The nanoparticles were
sonicated for forty minutes. About 100 µl of MH broth were dispensed in all the wells, followed
by transferring 100 µl of the nanoparticles into wells 1 to 8, 100 µl of antibiotic (neomycin)
was added to wells 9 and 10 as positive control. All the wells from 1 to 10 were diluted from
one well to another (A to H) and with discarding the last amount, which gave us a serial dilution
ranging from 2500 µl/ml to 1.22 µl/ml. After serial dilutions of the above-mentioned materials
in each well, 100 µl of the bacterial strain was added to each well without exception according
to McFarland theory to have a final concentration of about 1.0 X 106 bacteria /ml in each well.
NP-free broth was used as negative control. After serial dilution of the above-mentioned
materials in each well, 30 µl of resazurin dye was added to all the wells. The plates were then
incubated aerobically at 37°C for the bacteria and at 42°C for yeast. After incubation, the plates
were inspected for colour change. Resazurin dye indicates cell viability by changing from a
blue/ non-fluorescent state to a pink/ highly fluorescent state upon chemical reduction resulting
from aerobic respiration due to cell growth. The lowest concentration of nanoparticle
suspension that inhibited cell growth (dye did not convert to red) was defined as the minimum
inhibitory concentration. Each microorganism was tested in a different plate with duplicates of
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each concentration of the nanoparticles. Two controls without nanoparticles were also included
in each plate (Okafor et al., 2013).

3.6.2.8 Well agar diffusion procedure
The MHA plate surface was inoculated by spreading a volume of the microbial inoculum over
the entire agar surface. Then, a hole with a diameter of 6-8 mm was punched aseptically with
a sterile tip and a volume (20 µl) of the antimicrobial agent and the nanoparticles with different
concentrations were introduced into the well. The plates were then incubated at 37ᴼC for 24
hours. The antibacterial activity was assayed by measuring the diameter of the inhibition zone
formed around the wells. Amphotericin B was used as positive control and Mueller Hinton
broth as negative control (Konate et al. 2012).
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CHAPTER 4
SYNTHESIS AND CHARACTERIZATION RESULTS

4.1 INTRODUCTION
In this chapter, all the characterization of the materials with the different techniques (UV-Vis,
PL, FTIR, TEM, XRD, TGA and some metal analyses) were discussed.
4.2 UV-Visible spectroscopy
When a beam of light propagates through a sample which has the ability to interact with the
electromagnetic radiation, part of the radiation is absorbed by the sample and the rest is
transmitted through the sample. In UV-Visible spectroscopy, light is used to populate the
unoccupied electronic states of the sample and transitions between the valence and conduction
bands. The spectra were recorded in absorption mode and all samples were prepared by
dissolving the nanoparticles in distilled water (Chandra & Kumar, 2012).
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Figure 4.1: UV-Vis absorption spectrum of Co
Optical properties of cobalt in Figure 4.1 were recorded using UV- Vis spectroscopy observing
a broad excitonic absorbance peak at 249 nm and 495 nm with a tail extending towards the
longer wavelength as a results of quantum size effect. The broadening of excitonic absorption
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band is because of the particle size. The particles 1:1, 1:2 and 2:1 showed the same peaks except
1:3 with excitonic peak. The absorption band gaps are blue shifted to a high energy compare
with bulk cobalt. The blue shift phenomenon of the absorption edge has been described to a
decrease in particle size. It is well known in case of semiconductors that the band gap between
the valence and conduction band increases as the size of the particles decreases in the nanoscale range. The magnitude of the shift depends on the size of the semiconductors material
(Bao et al., 2005).
Co/Thiourea

1,2
1

Absorbance

0,8

1:01

0,6

1:02
0,4

1:03
2:01

0,2
0
200

300

400

500

600

Wavelength (nm)

Figure 4.2: UV – Vis absorption spectrum of Cobalt/Thiourea
UV - Vis spectra of Cobalt thiourea complex Figure 4.2 depicts the UV spectra of ratio 1:1,
1:2, 1:3 and 2:1. It gave excitonic absorbance bands at 290 nm and 590 nm with a tail extending
towards the longer wavelengths as a result of quantum size effects.
The absorption band gaps are blue shifted to a high energy compare to bulk cobalt with respect
to reduced particle size of the material. The blue – shift in band-edge was further explained
using the work reported by Jianxi and co-workers (2003). Jianxi et al., (2003) discovered that
not only the size of the nanoparticles has an influence on the band-gap but shape also plays an
important role. Therefore, the blue-shifts in band-edge can be explained by the notion that the
morphology (length and width of rods) of the particles has a great influence on the optical
properties of the nanoparticles. With spherical particles, the diameter of the particle can be
related to the optical properties of the particles, whereas with rod or wire-like particles, the
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diameter does not account for the properties of the particles. Other reason accounting for the
blue shift can be associated with the agglomeration of the particles due to ageing and external
factors such as oxygen to penetrate into the pores of the particles (Wang et al., 1991).
Transition state in CoS exists in several numbers. Gupta and co-workers proposed that the two
maxima in absorbance are because of bulk state transition and surface transitions. The surface
states include the localized states because of defect in bulk in addition to the surface states. The
optical transition to and from the surface states will produce maxima at higher wavelengths
(Gupta et al., 2011).
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Figure 4.3: UV-Vis absorption spectrum of Co/Urea
UV-Vis spectrum of urea complex (Figure 4.3) showed absorption band edges at 290 nm and
495 nm respectively for ratio 1:1, 1:2, 1:3 and 2:1 ratios. Observation of absorption bands due
to the electronic transition indicates that particles have a narrow size distribution as results of
early stage formation of nanoparticles and indication of irregular shapes from lower
concentration and more uniform shapes at a higher concentration (Jianxi et al., 2003).
The phenomena can also be explained by means of absorption band in which at a low
concentration is less visible and as the concentration is increased becomes more profound. The
band edges are red-shifted from a low to high concentration due to increase in particles size.
They are two types of emission usually gives sharp peaks near their band edges whereas trapped
emission is always characterized by broad peaks with large Stokes shift (Gupta et al., 2011).
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4.3 Photoluminescence spectroscopy
Photoluminescence spectroscopy is a spontaneous emission of light from a material under
optical excitation. The excitation energy and intensity are chosen to probe different regions and
excitation concentrations in the sample.
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Figure 4.4: PL Cobalt graph
Figure 4.4; Red shift in emission maxima of cobalt to its absorption band edge as expected.
The figure shows that emission spectra consist of broad band in range 415 – 435 nm, with two
sharp peaks at 350 – 370 nm and 455 – 465 nm respectively, and a small peak at about 390 nm.
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Figure 4.5: PL graph of Co/thiourea complex
Figure 4.5 Red shift from the respective band edges of the absorption spectra. The excitonic
emission usually gives sharp peaks near their band edges. The narrowing of the peaks is
observed as the monomer concentration is increased due to excitonic type of emission.
Emission peak has a narrow shape, around 510 nm, which indicates the mono-dispersity and
good passivation of the particles. Photoluminescence emission maxima of the samples were
observed and are red shifted from their respective band edges of the absorption spectra (Wang
et al., 1991).
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Figure 4.6: PL absorption spectrum of Co/urea
The PL spectrum of Co/urea complex, Figure 4.6, showed absorption band edges at 430 nm
and 479 nm respectively for ratios 1:1, 1:2, 1:3 and 2:1. Observation of absorption band due
electronic transition indicates that particles have narrow size distribution as results of early
stage formation of nanoparticles and indication of irregular shapes from lower concentration
and more uniform shapes at a higher concentration.
The narrowing of the peaks is observed as the monomer concentration is increased due to
excitonic type of emission. These were caused by a faster growth as a result of increased
concentration. The emission peaks for the sample prepared at low concentration have a broad
shape which indicates the mono-dispersity and good passivation of the particles. However, for
the nanoparticles prepared at high concentration, the emission is very narrow which indicate
that the particles are poly-dispersed (Jianxi et al., 2003).

42

4.4 FTIR SPECTRAL ANALYSIS

Thiourea, (CS(NH2)2)2, has a large dipole moment and an ability to form extensive network of
hydrogen bonds. A thermochemistry study with an emphasis on the fundamental measure of
the total coordinate bond strength conducted by Moloto et al., (2013) showed that thiourea has
a low basicity and, in aqueous solution, forms complexes with metal ions which are of similar
stability to that of the protonated ligand itself. The S-C-N bending modes for the Co complexes
in all ratios observed at 1432 to 1453 cm-1 from the FTIR spectrum in Figure 4.7
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Figure 4.7: FTIR spectra Cobalt complexes with Thiourea
The spectrum showed a decrease in the frequency shifts to 1484 and 1487 cm-1, respectively
on coordination of the sulphur atom to the Co-metal. The N-H absorption bands are not shifted
to the lower frequency which indicates that the nitrogen expected to bond Co is not present and
the bonding must be between the sulphur and the Co-metal. These absorption bands includes:
N-H stretching symmetric at 3189 cm-1; N-H stretching asymmetric at 3390 cm-1; and N-H
rocking at 1099 cm-1. Similarly from the N-C-N stretching mode at 1472 cm-l there are no
observable features of the Co-N bond but much enhanced sensitivity to coordination through
sulphur. The free ligand show a band observed at 732 cm-1, which is due to contribution of CS stretching and has shifted to a lower frequency 721 cm-1 Co-thiourea. This signify a decrease
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in the double bond character of the C=S which confirms the sulphur bonding of thiourea to
cobalt (Moloto et al., 2013).
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Figure 4.8: FTIR spectra of cobalt complexes with urea
The FTIR bands at 1632 cm-1 in the urea, (CO(NH2)2)2, complex with Co with different ratios
are assigned to C=O stretching vibration (Figure 4.8). All in plane vibration of NH2 groups
show small frequency shifts: N-H stretching asymmetric at 3493 cm-1; N-H bend symmetric
3190 cm-1 and N-H rocking at 1113 cm-1. These may be due to the change in environment or
consequence of the breaking of the coupling between NH2 bending and OCN skeleton
vibration. The C-N stretching band is seen at 1475 cm-1 (Chandra & Kumar, 2012).
4.5 Transmission Electron Microscopy
TEM is a very useful technique in characterizing the size and shape of the nanoparticles. Cobalt
has been prepared at varied concentrations. The manner in which the reagents attaches itself to
the Co metal could have influence on the other surrounding particles, thus affecting the mode
of arrangement of the particles. The Co particles are in a mixture of rod and spherical and some
percentages of bipodal, tripodal and tetrapodal morphologies as seen in Figure 4.9.
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(a) 1:1

(b) 1:2

(c)1:3

Figure 4.9: TEM image for Cobalt nanoparticles
The images showed particles from ratio 1:1, 1:2 and 1:3 to be agglomerated and it was difficult
to measure the size of the particles.

45

(a)1:1

(b)1:2

(c)1:3

(d)2:1

Figure 4.10: TEM image for Co/Thiourea nanoparticles
The TEM micrographs, Figure 4.10, showed that the particles from ratio 1:1, 1:2 and 1:3 appear
to be well dispersed due to their small size and high surface energy. The particles appear to be
around 10 – 30 nanometers in size. At ratio 2:1 particles are agglomerates with irregular shapes
of about 50 nm.
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(a)1:1

(c) 1:3

(b) 1:2

(d) 2:1

Figure 4.11: TEM image for Co/Urea
The Co complexed with Urea images showed particles from ratio 1:1, 1:2, 1:3 and 2:1 that
appear spherical to hexagonal shape with 50 nm size in diameter (Figure 4.11). Similar particles
were observed for Chandra & Kumar, 2012.
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4.6. Scanning electron microscopy
SEM is a very useful technique in characterizing the morphology of the nanoparticles. It was
observed that particles synthesized in ratio 1:1, 1:2 and 1:3 were more or less spherical in shape
(Figure 4.12). Also, the particles were well dispersed and clusters for ratio 2:1, suggesting
aggregation of nanoparticles.
(a)1:1

(c)1:3

(b)1:2

(d)2:1

Figure 4.12: SEM image for Cobalt

48

(a)1:1

(c)1:3

(b)1:2

(d)2:1

Figure 4.13: SEM image for Co/Urea
The SEM images are inconsistent with the absorption spectra in which particles increases when
the concentration of the precursors was increased and the emission peaks are further evidence
that broad peaks favouring large particles (Gupta et al., 2011). Ratio 1:1 is agglomerated but
from ratio 1:2 to 2:1 showed well dispersed nanoparticles (Figure 4.13).
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(a)1:1

(b)1:2

(c)1:3

(d)2:1

Figure 4.14: SEM image for Co/Thiourea 1:2
The SEM micrographs in Figure 4.14 showed that particles are irregular from low
concentration to high concentration. The particles are irregular and agglomerated for 1:1 to 1:3
which makes difficult to determine the particle size. At ratio 2:1 particles are well dispersed
and are irregular shapes ranging from 1μm.

50

4.7 XRD spectral analyses
XRD studies were performed to report on the crystallinity of the samples. Figure 4.15
shows diffraction peaks of Co/Thiourea which can be indexed to a face centered-cubic of cobalt
hexahydrate.
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Figure 4.15: XRD patterns of Co/thiourea complexes
The diffraction peaks show a lot of impurities which might be as a result of insufficient washing
of nanoparticles or recurring of impurities from the complex. The Bragg peaks are not well
defined, which means the material is amorphous (Bragg & Bragg, 1949).
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Figure 4.16: XRD patterns of Co/urea complexes
The XRD peaks for Co/urea (Figure 4.16) were not well defined, which means the material is
amorphous. The hexagonal phase can be attributed to cobalt nanoparticles which exist either
as cubic, orthorhombic or hexagonal phases. The existence of mixture of cubic and hexagonal
phase with predominance of one over the other was reported by Bao et al., (2005). The spectra
show reasonable broadened peaks, with the higher concentration samples having slightly
sharper peaks than the lower concentration samples.
4.8 Thermogravimetric analyses
Thermal decomposition studies on metal complexes have brought information on the
mechanism and steps of decomposition by heating and therefore permit determination of
kinetic parameters of the reaction. Thermal decomposition has been done due to interest in the
isolation and identification of the solid decomposition products of complexes, interesting
decomposition intermediate has been produced. Metal compound of thiourea and urea
represent an extensive series of sulphur and oxygen bonded complexes with well-established
structures (Bruce et al., 2008).
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Figure 4.17: TGA curves for Cobalt
The TGA curves in Figure 4.17 indicate the three-steps decomposition ratio 1:1, 1:2 &1:3 for
cobalt. All the ratios for cobalt display first decomposition at 210°C to 240°C. There is a slow
weight loss of the ratios which led to the formation carbon at a final temperature of 800°C.
The periods of weight loss can be associated with the water, impurities and some reagents not
reacted (Chandra & Kumar, 2012).
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Figure 4.18: TGA curves for Co/thiourea complexes
The TGA curves in Figure 4.18, indicate the four-step decomposition ratio 1:1, 1:2, 1:3 & 2:1
of Co/thiourea complexes. All the ratios on Co/thiourea complexes display first decomposition
at 200°C to 300°C. There is a slow weight loss of the ratios complexes which led to the
formation of metal sulphide and oxide at a final temperature of 800°C (Jianxi et al., 2003).
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Figure 4.19: TGA curves for Co/Urea complexes
Figure 4.19 depicts the TGA curves for Urea Cobalt complexes with different ratios. Ratio 1:1,
1:2 show two steps decomposition with a sudden loss of weight on heating until 100°C which
can be associated with loss of water and some volatile impurities remained during purification.
The second decomposition started at 300°C, a period slow loss of weight led to the formation
of metal oxide, which was completed at about 700°C. There is a slow weight loss of the ratios
complexes which led to the formation of metal sulphide and oxide at a final temperature of
830°C. The TGA curve of ratio 1:3 started displaying at 180°C to 300°C, most organic
molecules from the ligand are lost and followed by the slow period of weight loss from 800°C
to 850°C (Bruce et al., 2008).
4.9 Heavy metals
A heavy metal test was also conducted to measure the levels of potentially harmful metals in
the nanoparticles. Removals of heavy metals in wastewater involves the use of biological
techniques for the elimination of pollutants from wastewater. In this study the metals were
tested against lead.
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(a) 1:1
(b) 1:2

(c)1:3

(d)2:1

Figure 4.20: Cobalt heavy metal results
The nanoparticles were tested against 10 ppm of lead which showed to have less metals when
compared to lead (Figure 4.20). Ratio 1:1 and 1:3 showed same colour light darker than the
lead but ratio 1:2 and 2:1 they showed different colour from the lead. It shows that the cobalt
nanoparticles have less metals.
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(a)1:1

(b) 1:2

(c)1:3

(d)2:1

Figure 4.21: Cobalt/Urea nanoparticles heavy metal results
The nanoparticles were tested against 10ppm of lead which showed to have less metals when
compared to lead stock. Ratio 1:1 to 2:1 showed same colour light darker than the lead, It
witnesses that the cobalt/urea nanoparticles have less metals (Figure 4.21).
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(a)1:1

(c) 1:3

(b) 1:2

(d) 2:1

Figure 4.22: Cobalt/Thiourea heavy metal results
Heavy metals results showed that Cobalt/Thiourea nanoparticles from ratio 1:1 to 2:1 showed
same colour lighter from the lead stock. These confirms that the nanoparticles have less metals
(Figure 4.22).

58

CHAPTER 5
ANTIMICROBIAL RESULTS

5.1 Introduction
This chapter deals with the antibacterial activity of the nanomaterials. The antibacterial testing
procedures are outlined in Chapter 3. In this chapter data was collected and analysed using the
following microorganisms, five Gram-negative - Escherichia coli, Pseudomonas aeruginosa,
Salmonella enterica, Salmonella typhi and Shigella sonnei; pathogenic bacteria and two fungal
strains - Aspergillus niger and Candida albicans. Doped cobalt, Co/Urea and Co/Thiourea
were tested on the different bacterial and fungal strains.
5.2 Minimum Inhibitory concentration
The minimum inhibitory concentration (MIC) is the lowest concentration of an antimicrobial
agent that prevents visible growth of a microorganism after overnight incubation in broth
(Nagaraj et al., 2014). This precise method of susceptibility allows for quantification of the
exact concentration (in µg/mL) of the antibiotic needed to inhibit the bacterial growth.
Comparing an MIC value allows determining whether a bacterium is susceptible, intermediate
or resistant to an antibiotic at certain concentrations. This information is most often used as a
research tool to determine the in-vitro activity of new antimicrobials (Ivanova et al. 2013).
Minimum inhibitory concentration of the nanoparticles, the viability of the microorganisms
when exposed to varying concentrations of doped cobalt, Co/Thiourea and Co/Urea
nanoparticles were determined using an oxidation-reduction assay. Resazurin dye, a redox
sensitive dye, was used to indicate cell viability. Metabolically active cells reduce the nonfluorescent blue resazurin to fluorescent red resorufin. Non-living cells do not reduce the
resazurin and thus indicate cell death. This visible change in colour and fluorescence indicates
the cells are viable.
Freshly grown and diluted bacterial cultures in MH broth were exposed to Co, Co/Thiourea
and Co/Urea nanoparticles at concentrations ranging from 0.3 to 50 mg/ml.

59

1:1

1:2

1:3

2:1

++

--

Cobalt

Co/Thiourea

Figure 5.1: MIC results of S.typhi
Co/Urea

Figure 5.1: MIC results of S. typhi
In Figure 5.1, S.typhi cells were rendered non-viable after treatment with 12.5 µg/ml of
Co/Thiourea and Cobalt nanoparticles. S.typhi was inactivated with 25 µg/ml of Co/Urea
nanoparticles. This indicates that S. typhi is more susceptible to the antimicrobial effects of
neomycin than Cobalt, Co/Thiourea or Co/Urea (Kumar et al., 2013).
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Figure 5.2: MIC results for S.enterica
Figure 5.2 shows the MIC of Cobalt, Co/Thiourea and Co/Urea nanoparticles on S.enterica.
The results show that all the nanoparticles were not effective against S.enterica at ratios tested.
This claim is supported by the appearance of the purple colour. However, neomycin as a
positive control was effective against all the organisms as compared to all the three
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nanoparticles. This indicates that the S. enterica is more susceptible to positive control than all
the nanoparticles tested (Poole, 2004).
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Figure 5.3: MIC results for S.sonnei
The serial dilution and MIC of S. sonnei by Cobalt, Co/Thiourea and Co/Urea are presented in
Figure 5.3. Cobalt nanoparticles were less effective against S. sonnei. Co/Thiourea and
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Co/Urea nanoparticles were effective against S. sonnei. The results also showed that positive
control was more effective than the nanoparticles with the inhibition of 0.14 µl/ml (Poole,
2004).
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Figure 5.4: MIC for E. coli
Figure 5.4 presented the inhibition of E.coli by the nanoparticles. A urea nanoparticle was more
effective against the E.coli. At ratio, 2:1 urea was effective with 50.0 µl However, the cobalt
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and thiourea were not effective against E.coli at ratio 2:1. At ratio, 1:1 cobalt was more
effective compared to Cobalt/Urea and Cobalt/Thiourea. Positive control was more effective
to all the nanoparticles with 0.01 µl/ml (Plaza et al., 2013).
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Figure 5.5: MIC results for P.aeruginosa

Co

Figure 5.5: MIC of Co, Co/Tu and Co/U nanoparticles on P.aeruginosa.
Figure 5.5 shows the MIC of Co, Co/Tu and Co/U nanoparticles on P.aeruginosa. The results
show that all the nanoparticles were effective against the microorganism at all concentrations

64

that were tested. The results also show that the positive control was more effective at all
nanoparticles. The results indicate that the antibiotic is more susceptible to the P. aeruginosa
than the tested nanoparticles.
5.3 Well agar diffusion method
The results of this methods reflected varieable antimicrobial activities against the growth of
different strains tested. Nanoparticles demonstrated a dose related response where there was
zone of inhibition (Figure 5.6).The zones of growth inhibition were not comparable against
neomycin during antibacterial testing. However nanoparticles showed comparable results to
Amphotericin B when tested against Aspergillus niger and Candida albicans. In some
instances, Co/Thiourea was more effective than Amphotericin (Seil & Webster, 2012).

Figure 5.6: Well diffusion results for bacteria, fungi and yeast.

Figure 5.6: Well diffusion picture of the yeast, mould and bacteria on different ratios.
Figure 5.6 presented the well diffusion results of the microorganisms. Co/Tu represent cobalt
thiourea, (Co/U) Cobalt urea nanoparticles and (Co) cobalt nanoparticles, (-) Mueller Hinton
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broth as negative control and (+) neomycin as positive control used for the bacteria and
amphotericin B used for yeast and mold.
5.4 Antibacterial activities of nanoparticles
The antibacterial nanoparticles were analysed and compared with positive controls in the form
of neomycin. Bar columns were constructed using Microsoft Excel 2016. Student t-test was
used to statistically analyse the in-vitro data obtained during this study.
5.4.1 Cobalt on E. coli.
Cobalt showed minimal growth inhibition against E. coli, especially at ratio 1:2 and 2:1. It
showed zone of inhibition measuring 0.76 mm compared to neomycin which measured about
8.42 mm. No inhibition was shown for ratios 1:1 and 1:3. The difference was considered to be
extremely statistically significant at p = 0.0001. Figure 5.7 below depicts the mean distribution
of nanoparticles and neomycin against E. coli growth.
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Figure 5.7: The mean inhibition diameter of Cobalt nanoparticles and neomycin on E.coli
The above Figure 5.7 is a graphic representation of the mean results for well diffusion method
from Table 5.1 below, comparing the zone of inhibition between Cobalt and neomycin. After
conducting student t- test statistical analysis the two tailed P value was 0.0001 and the mean of
Cobalt minus neomycin was -7.7125. At 95% confidence interval the difference was between
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-8.2108 to 7.7125. The intermediate values used in the calculations were as follow, t = 33.1984,
df = 14 and standard error of difference = 0.232. Table 5.1 below depicts statistical calculation
from the t-test (Plaza et al., 2013).
Table 5.1: The difference in median values of E.coli treated with Cobalt and Neomycin
Cobalt

Neomycin

Mean

0.1675

7.8800

SD

0.3139

0.5773

SEM

0.1110

0.2041

N

8

8

5.4.2 Cobalt on S. typhi
Cobalt showed a positive zone of inhibition against S. typhi. It showed zone of inhibition
measuring 5.13 mm compared to neomycin which measured about 16.04 mm. By conventional
criteria, this difference was considered to be extremely statistically significant at p =
0.0001.The 1:2 ratio showed the most inhibion of all the Co ratios. Figure 5.8 below depicts
the mean distribution of nanoparticles and neomycin against S. typhi growth .
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Figure 5.8: The mean inhibition diameter of Cobalt nanoparticles and neomycin on S. typhi

67

The above column on Figure 5.8 is a graphic representation of the mean results for well
diffusion method, comparing the zone of inhibition between Cobalt and Amphotericin B. After
conducting student t- test statistical analysis the two tailed P value was 0.0001 and the mean of
cobalt minus neomycin was -14.2275. At 95% confidence interval the difference was between
-15.5111 to -13.0439. The intermediate values used in the calculations were as follows, t =
25.7804, df = 14 and standard error of difference = 0.552. Table 5.2 below depicts statistical
calculation from the t-test (Kumar et al., 2013).
Table 5.2: The difference in median values of S. typhi treated with Cobalt and Neomycin
Group

Cobalt

Neomycin

Mean

1.7525

15.9800

SD

1.5596

0.0641

SEM

0.5514

0.0227

N

8

8

5.4.3 Cobalt on S. sonnei
Cobalt also showed inhibition of S. sonnei. It showed zone of inhibition measuring 2.16 mm
compared to neomycin which measured about 12.3 mm. The difference was considered to be
extremely statistically significant at p = 0.0001. Figure 5.9 below depicts the mean distribution
of cobalt and neomycin against the growth of S. sonnei.
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Figure 5.9: The mean inhibition diameter of cobalt nanoparticles and neomycin on S. sonnei
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Figure 5.9 above is a graphic representation of the mean results for well diffusion method,
comparing the zone of inhibition between cobalt and neomycin. After conducting student t-test
statistical analysis the two tailed P value was 0.0001 and the mean of cobalt minus neomycin
was -10.4875. At 95% confidence interval, the difference was from -11.0525 to -9.9225. The
intermediate values used in the calculations were as follow, t = 39.8103, df = 14 and standard
error of difference = 0.263. Table 5.3 below depicts statistical calculation from the t-test.
Table 5.3: The difference in median values of S. sonnei treated with Cobalt and Neomycin
Group

Cobalt

Neomycin

Mean

1.5915

12.0850

SD

0.7088

0.2298

SEM

0.2506

0.0813

8

8

N

5.4.4 Cobalt on P. aeruginosa
Cobalt showed the largest inhibition for P. aeruginosa. The zone of inhibition was 4.49 mm
for the 1:3 ratio and 5.96 mm for the 2:1 ratio compare to 2.16 mm compared to neomycin
which measured about 6.9 mm (Figure 5.10).
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Figure 5.10: The mean inhibition diameter of cobalt nanoparticles and neomycin on P.
aeruginosa
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The conducting Student t- test statistical analysis the two tailed P value was 0.0001 and the
mean of cobalt minus neomycin was -4.3037. At 95% confidence interval the difference was
between -6.3505 to -2.2570. The intermediate values used in the calculations were as follows,
t = 4.5098, df = 14 and standard error of difference = 0.954. Table 5.4 below depicts statistical
calculation from the t-test (Okafor et al., 2013).
Table 5.4: The difference in median values of P. aeruginosa treated with Cobalt and
Neomycin
Group

Cobalt

Neomycin

Mean

2.2463

6.7900

SD

2.6966

0.1871

SEM

0.9534

0.0416

N

8

8

5.4.5 Cobalt for S. enterica
Cobalt showed a zone of inhibition against S. enterica. It showed a zone of inhibition measuring
3.62 mm compared to neomycin which measured about 11.4 mm. The difference was
considered to be extremely statistically significant at p = 0.0001. Figure 5.11 below depicts
the mean distribution of Cobalt and neomycin against S. enterica.
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Figure 5.11: The mean inhibition diameter of cobalt nanoparticles and neomycin on S.enterica
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The above column on figure 5.11 is a graphic representation of the mean results for well
diffusion method, comparing the zone of inhibition between Cobalt and neomycin. After
conducting Student t- test statistical analysis the two tailed P value was 0.0001 and the mean
of cobalt minus neomycin was -10.2687. At 95% confidence interval the difference was from
-11.3286 to -9.2089. The intermediate values used in the calculations were as follows, t =
20.7813, df = 14 and standard error of difference = 0.494. Table 5.5 below depicts statistical
calculation from the t-test (Poole, 2004).
Table 5.5: The difference in median values of S. enterica treated with cobalt and Neomycin
Group

Cobalt

Neomycin

Mean

0.8963

11.1650

SD

1.3749

0.2512

SEM

0.4861

0.0888

N

8

8

5.4.6 Co/Urea on E. coli
Co/Urea depicted inhibition against E. coli. It showed a zone of inhibition measuring 2.69 mm
compared to neomycin which measured about 8.46 mm. The difference was considered to be
extremely statistically significant at p = 0.0001. Figure 5.12 below depicts the mean
distribution of Co/Urea and neomycin against E.coli.
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Figure 5.12: The mean inhibition diameter of Co/Urea nanoparticles and neomycin on E.coli
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Figure 5.12 is a graphic representation of the mean results for well diffusion method,
comparing the zone of inhibition between Co/Urea and neomycin. After conducting Student ttest statistical analysis the two tailed P value was 0.0001 and the mean of Co/Urea minus
Neomycin was -7.4463. At 95% confidence interval the difference was from -8.2527 to 6.6398. The intermediate values used in the calculations were as follows, t = 19.8027, df = 14
and standard error of difference = 0.376. Table 5.6 below depicts statistical calculation from
the t-test (Plaza et al., 2013).
Table 5.6: The difference in median values of E.coli treated with Co/Urea and Neomycin
Group

Cobalt

Neomycin

Mean

0.7138

8.1600

SD

1.0140

0.3207

SEM

0.3585

0.1134

N

8

8

5.4.7 Co/Urea on S. typhi
Co/Urea showed a zone of inhibition against S. typhi although not comparable to that of
neomycin. It showed zone of inhibition measuring 7.55 mm compared to neomycin which
measured about 14.26 mm. The difference was considered to be extremely statistically
significant at p = 0.0001. Figure 5.13 below depicts the mean distribution of Co/Urea and
neomycin against S.typhi.
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Figure 5.13: The mean inhibition diameter of Co/Urea nanoparticles and neomycin on S.typhi
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Figure 5.13 is a graphic representation of the mean results for well diffusion method,
comparing the zone of inhibition between Co/Urea and Neomycin. After conducting Student ttest statistical analysis the two tailed P value was 0.0001 and the mean of Cobalt/Urea minus
neomycin was -0.1375. At 95% confidence interval the difference was from -9.6302 to -5.9223.
The intermediate values used in the calculations were as follows, t = 8.9964, df = 14 and
standard error of difference = 0.864. Table 5.7 below depicts statistical calculation from the ttest (Kumar et al., 2013).
Table 5.7: The difference in median values of S.typhi treated with Co/Urea and neomycin
Group

Co/Urea

Neomycin

Mean

3.1338

10.9100

SD

2.2943

0.8445

SEM

0.8112

0.2986

N

8

8

5.4.8 Co/Urea on S. sonnei.
Co/Urea depicted a zone of inhibition against S. sonnei. It showed zone of inhibition measuring
2.17 mm compared to neomycin which measured about 10.84 mm. The difference was
considered to be extremely statistically significant at p = 0.0001. Figure 5.14 below depicts the
mean distribution of Urea and neomycin against S. sonnei.
Co/Urea on S. sonnei
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Figure 5.14: The mean inhibition diameter of Co/Urea nanoparticles and neomycin on S.
sonnei
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Figure 5.14 is a graphic representation of the mean results for well diffusion method,
comparing the zone of inhibition between Co/Urea and neomycin. After conducting Student ttest statistical analysis the two tailed P value was 0.0001 and the mean of Co/Urea minus
Neomycin was -9.2363. At 95% confidence interval the difference was from -9.6469 to 8.8256. The intermediate values used in the calculations were as follows, t = 48.2353, df = 14
and standard error of difference = 0.191. Table 5.8 below depicts statistical calculation from
the t-test (Okafor et al., 2013).
Table 5.8: The difference in median values of S. sonnei treated with Co/Urea and neomycin
Group

Urea

Neomycin

Mean

1.5588

10.7950

SD

0.5395

0.0481

SEM

0.1907

0.0170

N

8

8

5.4.9 Co/Urea on P. aeruginosa.
Co/Urea showed a zone of inhibition against P. aeruginosa. It showed zone of inhibition
measuring 5.96 mm compared to neomycin which measured about 8.34 mm. By convention
criteria, this difference was considered to be extremely statistically significant at p = 0.0001.
Figure 5.15 below depicts the mean distribution of Co/Urea and neomycin against P.
aeruginosa.
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Co/Urea on P. aeruginosa
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Figure 5.15: The mean inhibition diameter of urea nanoparticles and neomycin on P.
aeruginosa
After conducting Student t- test statistical analysis the two tailed P value was 0.0001 and the
mean of Co/Urea minus Neomycin was -5.3288. At 95% confidence interval the difference was
between -7.4637 to -3.1938. The intermediate values used in the calculations were as follows,
t = 5.3534, df = 14 and standard error of difference = 0.995. Table 5.9 below depicts statistical
calculation from the t-test (Hardalo & Edberg, 1997).

Table 5.9: The difference in median values of P. aeruginosa treated with Co/Urea and
Neomycin
Group

Co/Urea

Neomycin

Mean

2.5713

7.9000

SD

2.7758

0.4704

SEM

0.9814

0.1663

N

8

8

5.4.10 Co/Urea on S. enterica.
Co/Urea showed a zone of inhibition against S. enterica. It showed zone of inhibition
measuring 4.58 mm compared to Neomycin which measured about 14.36 mm. The difference
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was considered to be extremely statistically significant at p = 0.0001. Figure 5.16 below depicts
the mean distribution of Co/Urea and neomycin against S. enterica.

Co/Urea on S. enterica
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Figure 5.16: The mean inhibition diameter of Co/urea nanoparticles and neomycin on S.
enterica
After conducting student t- test statistical analysis the two tailed P value was 0.0001 and the
mean of Urea minus neomycin was -10.7975. At 95% confidence interval the difference was
from -12.7866 to -8.8084. The intermediate values used in the calculations were as follow, t =
11.6425, df = 14 and standard error of difference = 0.927. Table 5.10 below depicts statistical
calculation from the t-test (Poole, 2004).
Table 5.10: The difference in median values of S. enterica treated with Co/Urea and Neomycin
Group

Co/Urea

Neomycin

Mean

1.6225

12.4200

SD

1.6061

2.0739

SEM

0.5679

0.7333

N

8

8
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5.4.11 Co/Thiourea on E. coli.
Figure 5.17 below, is a graphic representation of the mean results for well diffusion method,
comparing the zone of inhibition between Co/Thiourea and neomycin. Co/Thiourea depicted a
positive zone of inhibition against E. coli. It showed zone of inhibition measuring 3.48 mm
compared to neomycin which measured about 11.13 mm. The difference was considered to be
extremely statistically significant at p = 0.0001. Figure 5.17 below depicts the mean
distribution of Co/Thiourea and neomycin against E. coli.
Co/Thiourea on E. coli
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Figure 5.17: The mean inhibition diameter of Co/thiourea nanoparticles and neomycin on
E.coli
After conducting Student t- test statistical analysis the two tailed P value was 0.0001 and the
mean of Co/Thiourea minus neomycin was -7.2025. At 95% confidence interval the difference
was from -9.1031 to -5.3019. The intermediate values used in the calculations were as follows,
t = 8.1279, df = 14 and standard error of difference = 0.0886. Table 5.11 below depicts
statistical calculation from the t-test (Plaza et al., 2013).
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Table 5.11: The difference in median values of E.coli treated with Co/thiourea and neomycin
Group

Co/Thiourea

Neomycin

Mean

2.3575

9.5600

SD

1.8614

1.6784

SEM

0.6581

0.5934

N

8

8

5.4.12 Co/Thiourea on S. typhi.
The histogram, Figure 5.18, is a graphic representation of the mean results for well diffusion
method, comparing the zone of inhibition between Co/Thiourea and neomycin. Co/Thiourea
showed a positive zone of inhibition against S. typhi. It reflected the largest zone of inhibition
measuring 6.55 mm compared to neomycin which measured about 14.26 mm. The difference
was considered to be extremely statistically significant at p = 0.0001. Figure 5.18 below depicts
the mean distribution of Thiourea and neomycin against S. typhi.
Co/Thiourea on S. typhi
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Figure 5.18: The mean inhibition diameter of Co/Thiourea nanoparticles and neomycin on
S.typhi
After conducting Student t- test statistical analysis the two tailed P value was 0.0001 and the
mean of Thiourea minus neomycin was -10.9425. At 95% confidence interval the difference
was between -12.3977 to -9.4873. The intermediate values used in the calculations were as
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follows, t = 16.1275, df = 14 and standard error of difference = 0.679. Table 5.12 below depicts
statistical calculation from the t-test (Okafor et al., 2013).
Table 5.12: The difference in median values of S.typhi treated with Co/thiourea and Neomycin
Group

Co/Thiourea

Neomycin

Mean

3.3175

14.2600

SD

1.9191

0.0000

SEM

0.6785

0.0000

N

8

8

5.4.13 Co/Thiourea on S. sonnei.
Figure 5.19 is a graphic representation of the mean results for well diffusion method,
comparing the zone of inhibition between Co/Thiourea and neomycin. Co/Thiourea showed a
zone of inhibition against S. sonnei. It showed zone of inhibition measuring 4.61 mm compared
to neomycin which measured about 10.99 mm. The difference was considered to be extremely
statistically significant at p = 0.0001. Figure 5.19 below depicts the mean distribution of
Thiourea and neomycin against S. sonnei.
Co/Thiourea on S. sonnei
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Figure 5.19: The mean inhibition diameter of Co/thiourea nanoparticles and neomycin on
S.sonnei
After conducting student t- test statistical analysis the two tailed P value was 0.0001 and the
mean of Co/Thiourea minus neomycin was -7.2763. At 95% confidence interval the difference
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was between -8.0632 to -6.4893. The intermediate values used in the calculations were as
follow, t = 19.8299, df = 14 and standard error of difference = 0.367. Table 5.13 below depicts
statistical calculation from the t-test (Okafor et al., 2013).
Table 5.13: The difference in median values of S.sonnei treated with Co/thiourea and
Neomycin
Group

Co/Thiourea

Neomycin

Mean

3.1525

10.4288

SD

0.8836

0.5444

SEM

0.3124

0.1925

N

8

8

5.4.14 Co/Thiourea on P. aeruginosa
Co/Thiourea showed a zone of inhibition against P. aeruginosa. It showed zone of inhibition
measuring 4.78 mm compared to neomycin which measured about 6.11 mm. The difference
was considered to be extremely statistically significant at p = 0.0001. Figure 5.20 below depicts
the mean distribution of Co/Thiourea and neomycin against P. aeruginosa.
Co/Thiourea on P. aeruginosa
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Figure 5.20: The mean inhibition diameter of Co/Thiourea nanoparticles and neomycin on P.
aeruginosa

80

After conducting Student t- test statistical analysis the two tailed P value was 0.0001 and the
mean of Co/Thiourea minus neomycin was -4.5500. At 95% confidence interval the difference
was between -5.9652 to -3.1348. The intermediate values used in the calculations were as
follows, t = 6.8956, df = 14 and standard error of difference = 0.660. Table 5.14 below depicts
statistical calculation from the t-test (Botzenhart & Doring, 1993).
Table 5.14: The difference in median values of P. aeruginosa treated with Co/Thiourea and
Neomycin
Group

Co/Thiourea

Neomycin

Mean

2.2400

6.7900

SD

1.8626

0.1176

SEM

0.6585

0.0416

N

8

8

5.4.15 Co/Thiourea on S. enterica
Co/Thiourea showed a zone of inhibition against S. enterica. It showed zone of inhibition
measuring 3.42 mm compared to neomycin which measured about 15.98 mm. The difference
was considered to be extremely statistically significant at p = 0.0001. Figure 5.21 below depicts
the mean distribution of Thiourea and neomycin against S. enterica.
Thiourea on S. enterica
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Figure 5.21: The mean inhibition diameter of Co/thiourea nanoparticles and neomycin on
S.enterica
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After conducting Student t- test statistical analysis the two tailed P value was 0.0001 and the
mean of Co/Thiourea minus neomycin was -11.8100. At 95% confidence interval the
difference was from -14.1435 to -9.4765. The intermediate values used in the calculations were
as follows, t = 10.8547, df = 14 and standard error of difference = 1.088. Table 5.15 below
depicts statistical calculation from the t-test.
Table 5.15: The difference in median values of S. enterica treated with Co/Thiourea and
neomycin
Group

Co/Thiourea

Neomycin

Mean

1.5400

13, 3500

SD

1.2510

2.8116

SEM

0.4423

0.9940

N

8

8

5.5 Antifungal activities of nanoparticles
The antifungal activities of nanoparticles were analysed and compared with positive controls
in the form of neomycin and Amphotericin B. Bar charts were constructed using Microsoft
Excel 2016. Student t-test was used to statistically analyse the in-vitro data obtained during this
study.
5.5.1 Cobalt on Aspergillus. niger.
Cobalt showed inhibition against A. niger. It showed zone of inhibition measuring 2.30 mm
compared to Amphotericin B which measured about 2.75 mm. There was no statistical
significant difference between the Cobalt and Amphotericin B with regards to zone of
inhibition (p = 0.0921). Figure 5.22 below depicts the mean distribution of effects Cobalt and
Amphotericin B against A. niger growth inhibition (Gade et al., 2008).
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Figure 5.22: The mean inhibition diameter of cobalt nanoparticles and amphotericin B on A.
niger
The above 3-D cone column on Figure 5.22 is a graphic representation of the mean results for
well diffusion method, comparing the zone of inhibition between Cobalt and Amphotericin B.
After conducting Student t- test statistical analysis the two tailed P value was 0.0921 and the
mean of Cobalt minus Amphotericin B was -0.1375. At 95% confidence interval the difference
was from -0.3006 to 0.0256. The intermediate values used in the calculations were as follows,
t = 1.8084, df = 14 and standard error of difference = 0.076. Table 5.16 below depicts statistical
calculation from the t-test.
Table 5.16: The difference in median values of A. niger treated with Cobalt and Amphotericin
B
Group

Cobalt

Amphotericin B

Mean

2.63

4.00

SD

1.60

0.00

SEM

0.56

0.00

N

8

8
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5.5.2 Co/Urea Aspergillus niger.
Co/urea showed inhibition against A. niger. It showed zone of inhibition measuring 2.63mm
compared to Amphotericin B which measured about 4.00. There was statistical significant
difference between the Urea and Amphotericin B with regards to zone of inhibition against A.
niger (p = 0.0289). Figure 5.23 below depicts the mean distribution of Urea and Amphotericin
B against A. niger.
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Figure 5.23: The mean inhibition diameter of urea nanoparticles and neomycin on A.niger
The above column on figure 5.23 is a graphic representation of the mean results for well
diffusion method, comparing the zone of inhibition between Urea and amphotericin B. After
conducting Student t- test statistical analysis the two tailed P value was 0.0921. The mean of
Urea minus Amphotericin B was -1.38. The t-test value was t = 2.4337 with df = 14 and
standard error of difference = 0.565. At 95% confidence interval the difference was between 2.59 to -0.16. Table 5.15 below depicts statistical calculation from the t-test.
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Table 5.17: The difference in median values of A.niger treated with Urea and Amphotericin
B
Group

Co/urea

Amphotericin B

Mean

2.63

4.00

SD

1.60

0.00

SEM

0.56

0.00

N

8

8

5.5.3 Co/Thiourea on Aspergillus niger.
Co/Thiourea depicted inhibition against A. niger. It showed zone of inhibition measuring 5.380
mm compared to Amphotericin B which measured about 4.00. There was no statistically
significant difference between Co/Thiourea and Amphotericin (p = 0.0537). Figure 5.24 below
below depicts the mean distribution of Co/Thiourea and Amphotericin B against A. niger (Gade
et al., 2008).
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Figure 5.24: The mean inhibition diameter of Co/thiourea nanoparticles and amphotericin B
on A. niger
The above histogram column on Figure 5.24 is a graphic representation of the mean results for
well diffusion method, comparing the zone of inhibition between Co/Thiourea and
85

Amphotericin B. After conducting Student t- test statistical analysis the two tailed P value was
0.0537 and the mean of Co/Thiourea minus Amphotericin B was -1.38. At 95% confidence
interval the difference was between -0.03 to 2.78. The intermediate values used in the statistical
analysis are t =2.1058, df =14 and standard error of difference = 0.653. Table 5.18 below
depicts statistical calculation from the t-test.

Table 5.18: The difference in median values of A. niger treated with Co/Thiourea and
Amphotericin B
Amphotericin B
Group
Co/Thiourea
Mean

5.38

4.00

SD

1.51

1.07

SEM

0.53

0.38

N

8

8

5.5.4 Cobalt on C. albicans.
Cobalt depicted inhibition against C. albicans. It showed zone of inhibition measuring 2.50
mm compared to Amphotericin B which measured about 1.50 (p = 0.6971). This difference is
considered to be not statistically significant. Figure 5.26 below illustrate the well diffusion
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results (Seil & Webster, 2012).
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Figure 5.25: The mean inhibition diameter of cobalt nanoparticles and amphotericin on C.
albicans
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The above 3-D cone column on Figure 5.25 is a graphic representation of the mean results for
well diffusion method, comparing the zone of inhibition between Cobalt and amphotericin B.
After conducting Student t- test statistical analysis the two tailed P value was 0.6971 and the
mean of Cobalt minus Amphotericin B was -0.1375. At 95% confidence interval the difference
was from -0.825 to 1.200. The t value was t= 0.3974. The intermediate values used in
calculations were as follows; t =0.3974, df = 14 and standard of difference = 0.472. Table 5.19
below depicts statistical calculation from the t-test.
Table 5.19: The difference in median values of C. albicans treated with Cobalt and
Amphotericin B
Group

Cobalt

Amphotericin B

Mean

1.688

1.500

SD

1.22

0.535

SEM

0.432

0.189

N

8

8

5.5.5 Co/Urea on C. albicans.
Co/Urea showed inhibition against C. albicans. It reflected the largest zone of inhibition
measuring 2.88 mm compared to Amphotericin B which measured about 3.50 (P value =
0.3822). This difference is considered to be not statistically significant. Figure 5.27 below
illustrate the well diffusion results.
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Figure 5.26: The mean inhibition diameter of Co/Urea nanoparticles and amphotericin B
C.albicans
The above column on Figure 5.27 is a graphic representation of the mean results for well
diffusion method, comparing the zone of inhibition between Co/Urea and amphotericin B.
After conducting Student t- test statistical analysis the two tailed P value was 0.3822 and the
mean of Co/Urea minus Amphotericin B was -0.63. At 95% confidence interval the difference
was from -2.11 to 0.86. The t value was t= 1.8084. The intermediate values used in the
calculations were as follows, t =0.9022, df =14 and standard error of difference = 0.693. Table
5.20 below depicts statistical calculation from the t-test.
Table 5.20: The difference in median values of C. albicans treated with Co/Urea and
Amphotericin B
Group

Co/Urea

Amphotericin B

Mean

2.88

3.50

SD

1.89

0.53

SEM

0.67

0.19

N

8

8

5.5.6 Co/Thiourea on C. albicans.
Co/Thiourea showed inhibition against C. albicans. It showed zone of inhibition measuring
2.63 mm compared to Amphotericin B which measured about 3.00 mm (P value = 0.6849).
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This difference is considered to be not statistically significant. Figure 5.28 below illustrate the
well diffusion results.

Zone of inhibition (mm)

6
5
4
3

Cobalt Thiourea
Amphotericin B

2
1
0
1:1

1:2

1:3

2:1

Ratios

Figure 5.27: The mean inhibition diameter of Co/Thiourea and Amphotericin B on C.albicans
The above column on Figure 5.27 is a graphic representation of the mean results for well
diffusion method, comparing the zone of inhibition between Co/Thiourea and Amphotericin B.
After conducting Student t- test statistical analysis the two tailed P value was 0.6849 and the
mean of Co/Thiourea minus Amphotericin B was -0.38. At 95% confidence interval the
difference was between -2.32 to 1.57. The intermediate values used in the calculations were as
follows, t = 0.4143, df = 14 and the standard error of difference = 0.905. Table 5.21 below
depicts statistical calculation from the t-test.
Table 5.21: The difference in median values of C.albicans treated with Co/Thiourea and
Amphotericin B
Group

Co/Thiourea

Amphotericin B

Mean

2.63

3.00

SD

2.33

1.07

SEM

0.82

0.38

8

8

N
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CHAPTER 6
CONCLUSION AND RECOMMENDATIONS
6.1 INTRODUCTION
In this chapter the researcher will discuss the research findings, then describe the limitations of
this study, and lastly make recommendations based on the research findings.
6.2 SUMMARY AND INTERPRETATION OF RESEARCH FINDINGS
The study was carried out to synthesis, characterize and investigate antimicrobial properties of
Cobalt, Co/Urea and Co/Thiourea nanoparticles on five Gram-negative—Escherichia coli,
Pseudomonas aeruginosa, Salmonella enterica, Salmonella typhi and Shigella sonnei bacteria;
and two fungal strains—Aspergillus niger and Candida albicans.
6.2.1 CHARACTERIZATION OF COBALT, Co/UREA AND Co/THIOUREA
Cobalt and cobalt complexes based on urea and thiourea were successfully synthesized. All
complexes were obtained in reasonable yields, easy to prepare and very stable. The complexes
were analysed optically and structurally by several spectroscopic techniques such as UV-Vis,
PL, FTIR, TEM, SEM, XRD and TGA.
Morphology demonstrated the size of the particles with different concentration as well as the
size distribution. The Co particles are in a mixture of rod, agglomerates with irregular shapes
around 50 – 100 nm in diameter. The Co/Thiourea particles appear to be around 10 – 30 nm in
size. The Co complexed with Urea images showed what appear to be spherical to hexagonal
shape with 50 nm size in diameter.
The UV-Vis absorption band edges for Co and Co/Urea are blue shifted to their bulk bandedges whereas the absorption band edges of the core-shells nanoparticles are red-shifted from
low to high concentration all as results of quantum confinement. Photoluminescence spectra
show a red shift from their respective band edges, however Co/Thiourea is blue shifted from
their respective band edges as results of irregular shapes and agglomeration of nanoparticles.
XRD matches well with TEM and SEM, broader and narrow peaks favouring small and larger
particles respectively.
Thermogravimetric analyses of all the complexes were conducted to check the stability of use
as reagents for nanoparticles at low and high temperature. Complexes start to decompose at
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low temperature about 100°C and the last decomposition step was at about 800-900°C, which
is convenient to thermal decomposition of precursors in high boiling solvents.
6.2.2 ANTIBACTERIAL PROPERTIES OF COBALT, UREA AND THIOUREA
The antibacterial properties of Cobalt, Urea and Thiourea were tested against five Gramnegative—Escherichia coli, Pseudomonas aeruginosa, Shigella enterica, Salmonella typhi and
Salmonella sonnei; human pathogenic bacteria. However, Cobalt showed a positive consistent
zone of inhibition against S. typhi and S. sonnei growth production. E. coli showed to be the
most resistant bacteria against Cobalt with an inhibitory zone ranging from 0.58 mm (at 1:2)
to 0.76 mm (at 2:1). Second to E. coli was S. enterica with growth inhibition from 1.42 mm (at
1:3) to 3.62 mm (at 2:1). P. aeruginosa was inhibited by Cobalt 1:2 (measured 4.9 mm) and
Cobalt 2:1 which measured 5.6 mm. The results of this study is contradictory to a study
conducted by Schade (1949) who demonstrated the antibacterial activity of Cobalt on
the growth of a number of Gram-positive and Gram-negative bacteria tested, the minimal
inhibitory concentration of Cobalt varied from 1 to 100 parts per million.

Co/Urea showed a positive inhibition ranging from 1.3 mm to 2.1 mm at ratio 1:3 and 2:1
respectively. It showed dose dependent relationship with S. typhi and S. enterica. Urea showed
a larger zone of inhibition measuring 5.06 mm and 5.96 mm at ratio 1:3 and 2:1 respectively.
Co/Thiourea showed a positively zone of inhibition against all five organisms studied. These
results are very encouraging although they are not statistically comparable with the zone of
inhibition yielded by neomycin which acted at a positive control. These results are supported
by Glory and co-workers (2016) who demonstrated that Urea and Thiourea derivatives have
gained research interest due to their different biological and pharmacological activities such as
anti-bacterial anti-proliferative, antiviral, anti-cancer, anti-inflammatory and insecticidal
properties.
6.2.3 ANTIFUNGAL PROPERTIES OF COBALT, Co/UREA AND Co/THIOUREA
Cobalt showed dose dependent zone of inhibition against both A. niger and C. albicans that are
statistically comparable to Amphotericin B. This result can be observed from statistical
calculation and column bar showed on chapter 5 above.
Urea was not comparable to Amphotericin B when tested against the growth of A. niger.
Although it showed comparable zone of inhibition at ratio 1:2 (4 mm) and 2:1 (4 mm) it was
overall not comparable to the mean inhibition of the positive control. However, it was
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comparable to Amphotericin B when tested against C. albicans, where there was no statistical
difference between the Urea and Amphotericin B.
Thiourea was highly effective against C. albicans where it the zone of inhibition ranged from
4.5 mm at ratio 1:1 to 7.5 mm at ratio 2:1. There was a statistical difference between Thiourea
and Amphotericin B. Thiourea was more effective than Amphotericin B in this case.
6.3 RECOMMENDATIONS
Due to the scope of the study it is not possible to make generalisation regarding the antibacterial and antifungal effects of Cobalt, Co/Urea and Co/Thiourea, the main recommendation
is related to further research on this topic.
6.3.1 Recommendation regarding antibacterial properties
As the study only focused on Escherichia coli, Pseudomonas aeruginosa, Salmonella enterica,
Salmonella typhi and Shigella sonnei pathogenic bacteria, it is therefore recommended that
future studies be designed to include all bacteria found in wastewater.
6.3.2 Recommendation regarding the antifungal
It is recommended that a larger sample of pathogenic fungal strains found in water be
investigated further before nanoparticles can be widely used to treat fungus in both wastewater
and fresh drinking water.
6.3.3 Recommendation on study design
Research design that will include heavy metal testing and toxicity studies should be employed
to further determine the use and safety of these nanoparticles.
6.4 CONTRIBUTIONS OF THE STUDY
Although the antibacterial results of doped cobalt, Co/urea and Co/thiourea do not show a
statistically significance comparable neomycin, statistically significant antifungal properties of
doped cobalt, Co/Urea and Co/Thiourea where observed when tested in-vitro. It also supports
other studies which have showed the in-vitro antibacterial and antifungal effects of
nanoparticles and possible use in water treatment and other spheres of health care. Since water
contamination is a public health concern and since there is a drive to find new cheaper, effective
and safer ways to treat wastewater and contaminated fresh water, it will be necessary that any
potential agents be investigated with the aim of finding a solution towards treating wastewater
and fresh contaminated water.
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6.5 LIMITATIONS OF THE STUDY
This study encountered some limitations. The main limitations for this study as identified by
the researcher include scope and research designs.
For the purposes of this study the researcher focused on synthesis, characterisation and
evaluation of antimicrobial activity only on the selected applicable microorganisms, as it was
difficult to cover all microbial common in wastewater and fresh water contaminations. Because
the study focused on available at microbiology laboratory of the VUT, the results may not be
generalizable to all different strains of microbial commonly found in wastewater. However,
they can be used as a foundation for more sensitive research designs.
6.6 CONCLUDING REMARKS
In conclusion, Cobalt, Co/Urea and Co/Thiourea nanoparticles were synthesised, characterised
and evaluated for their inhibitory activities on the growth of pathogenic bacteria and fungi.
They have exhibited promising antibacterial and antifungal activity. Among the Cobalt,
Co/Urea and Co/Thiourea nanoparticles: Co/Thiourea and Co/Urea nanoparticles have shown
more activity compared to Cobalt nanoparticles. Cobalt, Co/Urea and Co/Thiourea have shown
antifungal activity that is comparable to Amphotericin B in the inhibition of C. albicans. The
nanoparticles of Cobalt showed no statistical difference against A. niger compared to
Amphotericin B. Co/Urea was however, not comparable to Amphotericin B even though it had
a positive zone of inhibition. However, Co/Thiourea was very effective as compared to
Amphotericin B in inhibiting the A. niger growth. The most striking feature of this study is that
nanoparticles Cobalt, Co/Urea and Co/Thiourea nanoparticles have antifungal activity
comparable or incomparable (as in case of Co/Thiourea on A. niger) to Ampthoreicin B and;
nearly promising antibacterial activity although not comparable to neomycin. Thus, the present
findings provide new opportunity for the development of novel antimicrobials to overcome the
ever-increasing problem of drug resistance.
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