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ABSTRACT 

Organic dye pollutants are sometimes released into the environment with wastewater from 

industries which make use of such dyes. In surface water, they contaminate the surrounding 

environment while their residue accumulates on land. These chemicals are noted for their 

toxicity to living organisms and they can cause cancers in human beings. In this study a 

relatively simple, long term and cost effective remedy for dye pollution reduction was 

developed; with a focus on the use of semiconductor photocatalysis for the breakdown of the 

dye in water. Due to their ease of synthesis, minimal toxicity and cost, copper (II) oxide (CuO) 

nanoparticles were used to degrade three commonly used dyes; Methyl Orange (MeO), 

Methylene Blue (MB) and Rhodamine B (RhB) which arise from two prominent dye families 

(Azo and Rhodamine dyes). 

CuO nanoparticles were synthesised following a simple solution method using two copper 

precursor salts; hydrated copper sulphate (CuSO4.5H2O) and hydrated copper nitrate 

(Cu(NO3)2.3H2O). The CuO was precipitated from a 0.02 M copper salt solution using 1.6 g/L 

NaOH pellets. The temperature at which these pellets were added to the copper salt solutions 

(25 °C and 60 °C) played a major role in determining the shape and size of the nanoparticles. 

The synthesised particles were then characterised using X-Ray Diffraction (XRD), Scanning 

Electron Microscopy (SEM), UV-Vis Spectrophotometry, Fourier Transform Infra-Red (FTIR) 

spectroscopy and Brunauer Emmett Teller (BET) surface area and porosity analysis. The 

synthesised nanoparticles were microporous with sizes ranging from 12 – 13.5 nm and BET 

surface areas of 26.8 m2/g, 28.4 m2/g and 49.3 m2/g. The photocatalytic character of the 

synthesised particles was assessed in the presence of visible light for 100 minutes at 25-minute 

intervals and the overall minimum and maximum degradation efficiency recorded amongst all 

the samples was 85 % and 99 %.  
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CHAPTER ONE 
 

 

1.0  Introduction 

 

1.1 Background to the study 

With the fast - growing world of technology today, man’s needs have become more numerous 

with specific needs for dyed products thereby placing high levels of stress on the environment 

due to pollution. Amidst all these anthropogenic activities, the release of undesired pollutants 

and waste into the environment is inevitable. Unwanted end or by-products of any production 

process usually end up in the wastewater released by the producer. Waste is therefore an 

integral part of any production process and can be either non-toxic or toxic to man and/or his 

environment. There is certainly little or no cause for alarm when non-toxic waste is produced. 

Contrarily, any waste that is potentially toxic is of great concern and if there is no feasible way 

to carefully treat and/or reduce the toxicity of waste generated during the production process, 

then an alternative method of production (without compromising the value of the product) must 

be found to adequately treat and dispose of the waste produced at the end of the production 

chain. This will be mainly to reduce any form of pollution. 

Pollutants and the extent of their toxicity will vary from one industry to another depending on 

numerous factors, some of which include; the raw materials, processes involved in production 

and the desired final product. Among some raw materials, dyes are essential to the aesthetic 

appeal of the final product and are widely used by numerous industries (textile, food, 

automobile and pharmaceutical industries) today. They can be broadly classified into acidic, 

basic, direct, fluorescent, disperse and metal complexed dyes among others[1],[2] or simply as 

Natural or Synthetic dyes when their classification is based on their origin/source. Dyes are 
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used across a wide number of industries (Food, cosmetics, leather, paper, pharmaceutical and 

textile amongst others) with the textile industries being the biggest dye consumer amongst all 

these industries[1], [3].  

Today, there exists over 3000 known types of commercially available dyes and half of these 

dyes are classified as “Azo dyes”[4], [2]. These are the most used in the textile industry making 

up 60 – 70 % of the global dye population used[5],[3]. Like most other synthetic dyes, Azo 

dyes are toxic to humans especially if not properly degraded in wastewater prior to disposal. 

The resulting partially degraded by-products be even more toxic to man than the parent 

compound[2]. Examples of some Azo dyes include Methyl Orange (MeO), Methylene Blue 

(MB) and Trypan blue[6],[7].  

Similarly, another well-known class of widely used dyes are the Rhodamines. They are 

commonly used in the textile, leather, paint and even printing industries. Examples of such 

dyes include Rhodamine 6G, Rhodamine 123 and Rhodamine B (RhB). RhB like most dyes is 

commonly used in printing and staining fluorescent probes in research laboratory 

applications[8],[9]. 

To effectively meet the (often huge) potable water requirements associated with dye-related 

processes, most of the industries make use of facilities near water bodies such as lakes, rivers 

and wells where there is a ready supply of the primary raw material i.e water[5], [10]. This 

proximity or nearness-to-water supply bodies puts these water bodies at risk of contamination 

from improperly treated waste and/or wastewater. This could also happen to the surrounding 

soils into which such water may progressively seep over time[11]. This has proven to have far 

reaching consequences such as harming aquatic organisms whose habitat is ecologically reliant 

on these water bodies making bioaccumulation prevalent as some of these animals are edible 

to man[2], [12].  
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To mitigate against such pollution, photocatalytic degradation on suitable matrices is advised. 

Amongst other techniques employed in wastewater treatment in recent years is heterogeneous 

photocatalysis. It is a method which makes use of nanomaterials and is proven to be very 

effective in the degradation of wastewater organic pollutants such as azo dyes[13]. 

Semiconductor materials have been found to be particularly effective as catalysts in these 

photon-facilitated reactions. This is because they are able to both adsorb the pollutant and 

absorb photons of light, forming free radical species in solution which facilitate the degradation 

of the undesired pollutants into carbon dioxide (CO2), water (H2O) and non-toxic inorganic 

ions[14]. 

Several methods have been employed for the synthesis of these semiconductor nanomaterials. 

In this era, after considering the possible efficiency of desired semiconductor nanomaterial, the 

cost (from synthesis to application) is an important factor to consider because one of the 

primary objectives is also to be able to commercialise an affordable (cutting across all social 

classes) product to the consumers.  In recent times, some of the simplest (cheap), yet effective 

methods are chemical solution methods for the synthesis of nano-semiconductors and this study 

examined one such method applied in a study by Zhu et al.[15]. 

In recent years, South Africa (2017-2018) and Ghana are two countries in Africa which have 

faced alarming threats of water crisis necessitating the recycling of wastewater. The latter at 

the time of this research still faced a looming threat of the lack of freshwater source availability 

in the near future[16],[17],[18]. These are specific cases but on a global scale, the United 

Nations has put forward a suggestion that forty-one countries were victims of water stress in 

the year 2011 and some of these are nearly facing exhaustion of their renewable freshwater 

supplies[19]. Overall, 40% of the global population is affected by water scarcity and the said 

suggestion also projected a rise in this percentage in the near future due to climate change. 

More so, an estimated 80% of wastewater produced from human activity is deposited into 
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rivers, seas or other water bodies without adequate treatment due to limited monitoring [20]. 

The consequences of such actions cannot be overemphasised as they have become glaring 

making the need for adequate wastewater treatment and/or disposal techniques a necessity. 

Immediate action for water preservation needs to be taken to protect our water-related 

ecosystems. As such, we need to develop readily adaptable technologies for use even in remote 

areas show proof of individual responsibility too. This research is therefore inspired by the 

desire to contribute towards the development of more adequate, environmentally benign and 

cost efficient techniques for wastewater treatment, hence to protect our environment and 

conserve our water resources. 

 

1.2  Research Problem 

Azo and rhodamine dyes are some of the most widely used dyes in the textile, paint and printing 

industries with the azo dyes alone making up 60 - 70 % of the total dye population 

used[5],[3],[8],[9]. Like most other synthetic dyes, these two classes of dyes are toxic to 

humans especially if not properly degraded in wastewater prior to disposal. Sometimes the 

resultant by-products of partial degradation of these dyes can be more toxic to man than the 

parent compound[2].  

However, because of the huge need for potable water required during the production processes 

in these dye-consuming industries, their facilities are often situated close to water bodies to 

allow for easy access. Such water bodies end up being contaminated by the release of 

improperly treated wastewater containing such dyes or the products of their incomplete 

breakdown into these waters[5],[10]. Such contamination has resulted in great harm to aquatic 

organisms which rely on these water bodies for their livelihood[12]. There is therefore the need 
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for adequate technologies for the complete degradation of these dyes into non-toxic end 

products. 

 

1.3 Hypothesis 

Azo and rhodamine dyes can efficiently be degraded photocatalytically by using CuO 

nanoparticles synthesised by a simple chemical method without the use of surfactant. 

 

1.4 Aims and Objectives 

This research was geared towards finding a permanent solution to the concerns arising from 

the release of certain organic dyes into the environment through wastewater from industries. It 

involved the use of nano-semiconductor facilitated photocatalytic degradation of these organic 

pollutants in water to limit their release into the environment. The research exploited the 

photocatalytic degrading strengths of the CuO nanoparticles synthesised under three different 

conditions using a simple solution chemistry technique. There was a focus on the degradation 

of MeO, MB and RhB dyes; thereby, assessing any differences in the degrading efficiency of 

each batch of the synthesised nanoparticles in the process.  In summary, the aims and objectives 

include: 

Aim 1: Synthesis and characterisation of CuO nanoparticles. 

Objective 1: Synthesise CuO nanoparticles using a simple solution chemistry technique 

without the use of surfactant. 

Objective 2: Study the properties and characteristics of the synthesised CuO nanoparticles. 

Aim 2: Photocatalytic application of the synthesised CuO nanoparticles. 
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Objective 1: Study the efficiency of each CuO nanoparticle sample in the degradation of the 

selected dyes (Methyl Orange, Methylene Blue and Rhodamine B). 

 

1.5 Significance of the study 

This research investigated the efficiency of CuO nanoparticles synthesised from a simple 

chemical method in the degradation of selected organic dyes in water. The study therefore puts 

forth a technique to facilitate the elimination of such organic dyes from industrial and 

household wastewater.  

 

1.6 Delineation of the study 

The aspects below were not covered in detail during this study. 

 The detailed application of the study in industrial process workflow. 

 The effect of the synthesised CuO nanoparticles on organic pollutants which do not 

belong to the classes of the selected dyes. 

 The effect of the temperature and pH of the water on the degradation process. 
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CHAPTER TWO 
 

 

2.0 Literature Review 

 

2.1 Photocatalysis 

Every potential chemical reaction requires a minimum amount of energy in order for it to occur. 

This minimum energy required for a reaction to occur is called the Activation Energy and is 

particular to the given reaction under well-defined conditions. This energy can be supplied 

through a number of ways (including as photons) depending on the reaction system. 

Photocatalysis is a phenomenon whereby, an illumination source supplies energy in the form 

of photons (hence, the prefix “photo”), which serves to activate a catalyst in a catalysis reaction 

(reaction involving a catalyst); hence, the suffix “catalysis”. By IUPAC definition, a catalyst 

is any substance which can enhance the rate of a chemical reaction without taking part in the 

reaction itself. Therefore, it is neither altered nor consumed during the reaction. In a 

photocatalytic reaction, the catalyst is particularly called a photocatalyst. An example of a 

naturally occurring photocatalytic reaction is photosynthesis, whereby, the catalyst is 

chlorophyll which absorbs and uses photons from the sun for the production of food for the 

plant[21]. Another non-natural but equally spontaneous example of this phenomenon is the 

deterioration of titanium dioxide (TiO2)-containing paint films on buildings by photocatalytic 

activation of the TiO2 after absorbing solar energy over time, leading to the degradation of the 

paint with time[22]. 

Soon after some of these naturally occurring and accidental (unplanned) photocatalytic 

reactions were observed, scientists researched them, focusing on their efficiency and their 

potential applications. The phenomenon became attractive as it proved to be useable since: 
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 It has low energy requirements compared to those of conventional methods (such as 

thermal degradation for example) which have high energy requirements. This method 

can therefore be described as energetically sustainable[22]. 

 It can be used in all three phases, i.e solid, liquid and gaseous phases of matter, offering 

pollutant treatment at source; thereby, degrading them (pollutants) partially or 

completely into harmless / less harmful substances and minimising secondary 

waste/pollutant production while offering the possibility of recovery and even reuse 

(recycling) of the photocatalyst[22].  

 One of the target sources of energy in most cases of photocatalysis is clean solar energy 

making this method cost efficient and relatively eco-compatible (environmentally 

benign)[23]. 

Nowadays, one of the most exploited and yet still promising areas of photocatalysis application 

is in the treatment of wastewater, an area whereby semiconductor photocatalysts have been 

widely used[24]. For such a physico-chemical process to succeed, the basic underlying process 

would involve the promotion of an electron from the valence band (VB) to the conduction band 

(CB) of the chosen semiconductor using a photon (packet of energy) from an illumination 

source[25]. For this electron promotion to occur, the energy supplied should be equivalent to 

or greater than the energy of the “bandgap” (energy gap between the VB and CB) of the 

semiconductor. This energy is the minimum activation energy required for an electron to be 

dislodged and is semiconductor dependent; with the loss of an electron from the VB resulting 

in an aperture and the creation of an electron-hole pair (see Figure 2.1). 
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Figure 2.1: Simple representation of an electron-hole pair formation in CuO and the 
resultant free radical formation and consumption in the dye break-down process in solution, 

in the presence of H2O2 

(CB and VB stand for Covalent Band and Valence Band respectively) 
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Examples of some of the semiconductors which are frequently used in photocatalysis include 

TiO2[1], [23], [25], Cu2O[26], [27], SnO[6],[28], ZnO[26] with some like CuO gaining 

popularity in recent times[15], [29]–[32]. It has been found that CuO is suited for use in the 

presence of hydrogen peroxide (H2O2) [33] which enhances degradation by readily splitting 

into free radicals when attacked by electrons and/or holes. 

A proposed mechanism for photocatalysis using CuO as a photocatalyst is shown in Figure 2.1 

whereby the electron and subsequent aperture (hole) formed interact with the H2O2 resulting in 

the formation of free radicals which in turn oxidise the pollutant forming intermediates that can 

be mineralised to carbon dioxide, water and inorganic ions. In research as in other semi-

conductor catalysed processes, the process is said to be a heterogeneous photocatalysis reaction 

because the catalyst (semi-conductor) and pollutant are in two different phases during the 

reaction, i.e solid and liquid, respectively[34]. 

 

2.2 Copper oxide (CuO): Structure and its potential as a photocatalyst 

CuO, otherwise known as cupric oxide is a p-type transition metal oxide semiconductor which 

represents one of the two stable forms of the oxides of copper (CuO and Cu2O). Its chemical 

formula CuO, immediately highlights the fact that in this molecule, copper has a +2 oxidation 

state; hence, the systematic name copper (II) oxide. Despite the numerous differences in their 

physical and chemical properties (bandgap, unit cell structure, conductivity and space group), 

they are similar to each other in that they both have applications in almost the same areas, some 

of which include: gas sensors, photovoltaics, catalytic oxidation of CO and other heterogeneous 

catalysis. This is because though different in chemical composition, they are alike as they are 

nontoxic, have a low forbidden gap energy and a low synthesis cost with good catalytic and 

optical absorption properties. However, CuO has an added advantage in that it has a relatively 

stable structure at ambient temperature when compared to the Cu2O[33].  
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In 1933, the CuO crystal structure was originally illustrated by Tennel and later in 1970 single-

crystal techniques were used to elucidate intricacies associated with the structure of this 

compound[33]. Described as tenorite, it has a monoclinic crystal structure, in which the atoms 

within each crystal have a coordination number of four arising from the fact that each Cu atom 

is surrounded by four oxygen atoms [35].  

 

      

 

 

 

 

Figure 2.2: Monoclinic structure of CuO adapted from[33] 

 

Its energy bandgap has experimentally been found to range between 1.2 eV to 1.7 eV (bulk 

material) with the possibility of an increase in the band gap with a decrease in the size of the 

individual particles, particularly at nanoscale; a phenomenon known as “Quantum Size 

Effect”[33], [36], [37]; a phenomenon whereby the crystal’s size is inversely proportional to 

the bandgap energy. There generally exists inter-atomic interactions in the bulk CuO material 

but these decrease as the size of the particles decrease. This trend can be accounted for by the 

behaviour of the energy levels of nano scale particles as those of isolated atoms owing to how 

small they become at the nano level compared to the size of crystallite in the bulk material. 

These form a continuous spectrum of discrete energy levels, which are farther apart from each 
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other than they would be in the bulk material. When agglomerated, these discrete energy levels 

result in a widening of the energy gap of the nanomaterial compared to that of the bulk material; 

a quantum size/confinement effect[35][36]. 

Compared to other Transition Metal Oxide (TMO) nanomaterials, CuO has a greater number 

of applications in heterogeneous catalytic conversions of hydrocarbons into carbon dioxide, 

amelioration of the ability of nanofluids to conduct heat, nanomaterials for energy applications 

and in the formation of super-hydrophobic surfaces with particularly intriguing properties in 

the domains of magnetism and super-hydrophobicity[33], [38]. As photocatalysts, CuO 

nanomaterials have been found to exhibit high surface areas, high porosity and 

recyclability[39] which makes them good degraders of organic pollutants.   

 

2.3 Synthesis and photocatalytic applications of CuO nanoproducts 

Over the years, numerous technics have been used to synthesise CuO nanostructured materials 

of variable morphologies with significant and differentiated photocatalytic ability either with 

or without the use of surfactants and/or templates. Some early techniques include rapid 

precipitation, hydrothermal, solvothermal, sol-gel, sonochemical while recent techniques make 

use of methods such as microwave irradiation to synthesise these nanoproducts mostly because 

of the rapidity and relatively low energy requirements of such procedures[13], [28], [40]–[43].  

For instance, a precipitation method can be used without surfactant supplementation or 

templates to produce dandelion-like nanoparticles with a narrow particle size distribution of 

20-30 nm diameters and a 1.65 eV band gap, which can degrade (in UV and visible light) a 5 

mg/L Methylene Blue solution to about 0.14 mg/L, a 97.3 % photocatalytic degradation 

efficiency within 3 hours[44]. Another study revealed a 96.7 % degradation efficiency on RhB 

dye after 9 hours in UV light when some sheet-like CuO nanoparticles, with 15 nm diameters 
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and a 2.31 eV bandgap were prepared at ambient temperature using a simple solution 

method[45]. In another study, it was found that CuO nanowires of diameters less than 50 nm 

and a 1.85 eV band gap were used to degrade a 20 mg/L Methyl Orange solution  resulting in 

a 90 % degradation within 3 hours using natural light[46].  

Amongst others, wet chemical methods stand-out because of their relatively low-cost, non-

toxicity and a high yield which minimises wastage of the raw materials while accurately 

controlling the shapes and sizes of the nanoproducts synthesised[47][15]. It has been found that 

the latter, which defines the morphology of nanomaterials in combination with other factors 

such as the how much of the high energy surface is exposed for reaction, would determine the 

photocatalytic activity, thus the efficiency of the nanomaterials in general[48], and for CuO in 

particular[33].  Zhu et al.[15] recommended a simple cost efficient solution method which 

unites all the factors listed above and which could yield photocatalytically efficient CuO 

nanomaterials. The procedure was used for the synthesis of the nanomaterials and the 

recommendation for photocatalytic application was carried out in this research. 

 

2.3.1 Solution method without surfactant 

To minimise cost, controlling the morphology of the end product and still maintaining a 

reasonable yield, this research is fundamentally based on a simple solution method which 

excludes the use of surfactants as described by Zhu et al. [15]. The original procedure involved 

the use of a Cu(NO3)2.3H2O solution to which NaOH was added at different temperatures (2, 

25, 60 and 100 °C), to precipitate CuO nanomaterials. They concluded that the supplementation 

of NaOH at varying temperatures is and influential synthesis parameter which effectively 

determines the final shape/morphology of the synthesised nanomaterials. 
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This research followed the fundamental synthesis procedure presented by Zhu et al.[15]; albeit 

with numerous novel modifications being implemented which are: 

 Unlike the original procedure which used only Cu(NO3)2.3H2O,  this research  used two 

precursor salts (Cu(NO3)2.3H2O and CuSO4.5H2O), as changing the precursor copper 

salt (Cu(NO3)2 and CuCl2), led to a change in morphology and chemo-physical 

properties of the synthesised CuO nanomaterials in one such study[49]. Therefore the 

strategy of this synthesis was implemented to primarily investigate whether there would 

be any differentiation in morphology and in application efficiency of the resulting CuO 

nanomaterials from the precursor salts used.  

 This research further to determined how effective the obtained CuO nanomaterials are 

in the degradation of a number of organic dyes from two different functional groups, 

i.e azo and rhodamines which are recalcitrant water pollutants[50]. 

The synthesis was determined to not be adversely affected by the absence of a surfactant based 

on a study conducted by Tran et al.[28], that though surfactants would minimise agglomeration 

of the synthesised nanoparticles, simply varying the concentration of the reactants could play 

the same role resulting in controlled size, morphology consistency and ease of separation 

between the synthesised nanostructures. This method therefore minimised cost while achieving 

the desired size, variety and quality by lowering the precursor salt concentrations to ensure a 

uniformly spread particle size distribution range. The reason for an inexpensive thesis today is 

that this research is developed for further use in large scale purification and/or pollutant 

degradation systems in numerous industries including for household purification or for use in 

remote areas with decentralised water systems.  

A general direct-solution-method route for the synthesis of CuO nanostructured materials can 

be described by the Equations 2.1 and 2.2[28]. 
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Copper salt + Alkaline hydroxide → Cu(OH)2 + Salt of alkaline metal  2.1 

Cu(OH)2 → CuO + H2O + inorganic ions in solution    2.2 

  

 

2.4 Dyes 

Whether of synthetic or natural origin, dyes have one common characteristic which man 

exploits; colouring for aesthetics of final products. According to certain studies, it has been 

found that at least 10 – 15 % of the total amount of dye used during the dying process is lost in 

one way or another during the dyeing process. Most of these are released into the aquatic 

environment resulting in bioaccumulation in living organisms with biomagnification ensuing 

through the food chain. Despite the numerous stringent measures that have been put in place 

both by international bodies and individual nations to limit this environmental health challenge, 

some of these dyes seem almost indispensable to their users. Azo dyes are a typical example 

of a highly toxic, widely used class of organic dyes[2]. In this study, the degradation of three 

different dyes (MeO, MB, RhB) in solution using the synthesised CuO nanoparticles was 

studied with the aim for application in wastewater treatment; systems which contain large 

quantities of recalcitrant dyes. 

 

2.4.1 Methyl Orange (MeO) 

MeO is of the family of azo dyes. They are synthetic [2] and contain the characteristic azo (-

N=N-) group. The single bonds indicated on the nitrogen atoms can be links to an alkyl (R) or 

aryl (R') functional group as shown in Figure 2.3. They are used in many industries today 

ranging from food, pharmaceuticals, petroleum products and textiles. Albeit, the textile 
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industry is reportedly the leading consumer of dyestuff, 60-70% of their consumption being 

made up of azo dyes [4], [5], [51]. 

 

 

R – N = N – R' 

Figure 2.3: General chemical structure of an azo compound 

Azo dyes are often preferred due to their ease of synthesis, with ready adherence to different 

materials being dyed, with long lasting and permanent aesthetics once applied to products as 

opposed to their natural counterparts. They generally offer a greater variety of colours[2]. 

These dyes have also been found to be toxic both to man and to the environment when 

discarded or released in liquefied matrices. Their incomplete breakdown could result in any 

one of about thirty six possible aromatic amines (AAs) which are classified in public databases 

as toxicants. For instance, AAs which have mutagenic or carcinogenic properties in the human 

body can be released when these compounds are degraded by various skin bacteria[5], [1]. 

Methyl Orange (Figure 2.4) is an azo dye with multi-industrial applications. Otherwise known 

as sodium;4-[[4-(dimethylamino)phenyl]diazenyl]benzenesulfonate (IUPAC), orange III or 

gold orange, this compound is not only used in textiles as a dye, but also in chemical 

laboratories as a pH indicator in acid-base titrations[52].  
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                   Figure 2.4: Chemical structure of Methyl Orange adapted from [52] 

 

Research has been done towards safe and complete degradation of this dye mostly using TiO2 

alone[53], TiO2 doped with other metal catalysts[54]–[56], TiO2 associated with carbon 

nanotubes[57]; ZnO both alone[58] and doped [59]; iron (Fe) alone[60] or in Fenton 

reactions[61], [62] and with naturally occurring biological species such as Eichhornia 

crassipes[63] and Kocuria rosea[64], to name a few. Generally, a lot of research has already 

been done and is still being conducted with these semiconductor catalysts sometimes in 

combination with biological degraders, with the main challenge being that the dye sometimes 

is a metabolic inhibitor to the potential degraders, given that they are living organisms[53]. 

N 

N 
N 

O S 

Na+ 

O 

University of Ghana  http://ugspace.ug.edu.gh



  

 
18 

 

Minimal has been done using CuO as a photocatalyst when it comes to MeO degradation. Liu 

et al.[46] prepared CuO nanowires on a Cu-foil substrate which were able to reduce 20 mg/L 

MeO solution in natural light by 90 % after 3 hours. Sasikala et al.[6] degraded a MeO dye 

solution over 5 hours using cerium-loaded CuO nanoparticles in UV light. Similarly, Hua et 

al.[65] degraded a 2 g/L MeO dye solution by about 70 % within 2 hours using gamma- Al2O3 

impregnated CuO. These studies all demonstrate the efficiency of using nanostructured CuO 

in the degradation of azo dyes. 

 

2.4.2 Methylene Blue (MB) 

Being a derivative of the azo family, MB is classified as an azo dye despite the fact that the –

N=N- functional group is not present in its structural formula[66],[50]. It is used as a 

bacteriological dye [67],[68], as a drug in medicine and as an indicator[68]. Otherwise known 

as [7-(dimethylamino)phenothiazin-3-ylidene]-dimethylazanium;chloride (IUPAC) or 

Methylthioninium Chloride, it has the chemical formula C16H18ClN3S with a chemical structure 

as shown in Figure 2.5[68].  

Bubacz et al.[50] investigated the photocatalytic degradation of MB using anatase phase TiO2, 

while Ameta et al.[69] used CaO. Similarly, Houas et al.[70] used TiO2 in UV to degrade MB 

and another study indicated that the dye can also be degraded using CuO nanoparticles[71] and 

nanocrystalline TiO2 loaded with CuO[72]. 
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Figure 2.5: Chemical structure of Methylene Blue adapted from[68] 

 

2.4.3 Rhodamine B (RhB) 

Also known as Tetraethylrhodamine or [9-(2-carboxyphenyl)-6-(diethylamino)xanthen-3-

ylidene]-diethylazanium;chloride (IUPAC), this compound is a synthetic dye with chemical 

formula C28H31ClN2O3 (Figure 2.6). It belongs to the family of xanthenes[9] and its crystals 

can appear dark green or reddish violet (powder). It is used as a dye in the paper industry, in 

pharmaceuticals, cosmetics and as a chelating agent[73]. 

Petal and flower-like CuO nanostructures[74] as well as nanorods and nanowires[75], have all 

been applied in the catalytic degradation of  RhB. Studies have also been carried out towards 

the photocatalytic degradation of RhB dye using CuO nanosheets[76] and nanoparticles[77]. It 

is necessary to ensure that the dye is completely broken-down into non-toxic end products[5]. 

There is therefore, a need to develop techniques appropriate not just for the safe decolouration 

but also for the complete degradation of these dyes without resulting in any toxic degradation 

end products[12]. 
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Figure 2.6: Chemical structure of RhB adapted from [73] 

 

Until minimal toxicity is attained, it can be said that part of the relevance of this research study 

contributes towards the development of more effective techniques for the treatment of 

wastewater from industries which make use of the dyes discussed herein. 
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CHAPTER THREE 
 

 

3.0 Materials and Methods 

 

3.1  Reagents 

Analytical grade reagents were used throughout this research study. They included hydrated 

copper nitrate (Cu(NO3)2.3H2O) (Sigma-Aldrich Co., Germany), hydrated copper sulphate 

(CuSO4. 5H2O) (Breckland Sc. Supplies, UK), sodium hydroxide (NaOH) (Qualikems Fine 

Cem Pvt Ltd, India), methyl orange (Fizmerk India Chemicals, India), methylene blue (KEM 

Light Laboratories Pvt Ltd, Mumbai-India), rhodamine B (Paskem Finechemicals Industry, 

India), 30 % hydrogen peroxide (Merck, Germany) and ethanol (Fisher Scientific, UK). The 

water used was deionised to reduced interference in the research undertaken. 

 

3.2 Synthesis of CuO nanomaterial 

As briefly introduced in Chapter 2, CuO was synthesised from three different reactions 

following a simple solution method and involving three distinct reagents; two different copper 

precursor salts ((Cu(NO3)2.3H2O)  and (CuSO4.5H2O)) and NaOH. In each case, the ration of 

copper precursor salt to NaOH was 1:2 and all the copper precursor salts were dissolved in 

deionised water to prepare 0.02 M solutions to which 1.6g/L M NaOH was added to precipitate 

CuO via a copper hydroxide (Cu(OH)2) intermediate. The overall reaction process can be 

further broken down into 3 basic, general, stoichiometric equations represented by 3.1, 3.2 and 

3.3 below for the purpose of understanding the chemistry involved. 

 CuyX2 . zH2O(s) + H2O(l)                       Cu2+
 (aq)

 + 2X-y
 (aq)     3.1 
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Cu2+
 (aq)

 + 2NaOH(aq)                                 Cu(OH)2(aq) +  2Na+
(aq)     3.2 

Cu(OH)2(aq)                                 CuO(s) + H2O(l)       3.3        

 

Where X is the corresponding anion in the copper precursor salt with a –y oxidation state and 

z represents the number of moles of water in the hydrated copper salt. Equations 3.4, 3.5 and 

3.6 further summarise steps 1, 2 and 3 listed above for all three distinct reactions. 

Cu(NO3)2.3H2O(aq)  + 2NaOH(s)         60 °C      CuO(s) + 2NaNO3(aq) + 4H2O(l)         3.4 

 

CuSO4.5H2O(aq) + 2NaOH(s)         60 °C      CuO(s) + Na2SO4(aq) + 6H2O(l)                3.5 

 

CuSO4.5H2O(aq) + 2NaOH(s)       25 °C      CuO(s) + Na2SO4(aq) + 6H2O(l)                    3.6  

 

In each case, the entire reaction proceeds under continuous stirring conditions. In the reactions 

represented by Equations 3.1 and 3.2, the 0.02 M aqueous solution of copper salts were heated 

till the solution got to a temperature of 60 °C after which NaOH pellets were added. The 

formation of a milky blue Cu(OH)2 precipitate ensued rapidly and was observed to last only a 

few seconds as the solution quickly turned blue black due to the formation of CuO. Within a 

few minutes the entire solution which was initially blue had completely turned black. The 

solutions were maintained at precipitation temperature for another 10 minutes (after addition 

of the NaOH pellets) then they were heated further to 100 °C and again maintained at this 

temperature for 10 minutes to allow for the complete precipitation of CuO. After this, the 

product was allowed to cool then it was centrifuged and washed with a 1:1 water and a distilled 
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ethanol solution several times. The precipitate was finally washed with water and oven dried 

(70 °C) until a consistent weight was attained.  

In the case of Equation 3.3, 1.6g/L NaOH pellets were added to the 0.02 M copper sulphate 

salt (CuSO4.5H2O) solution at ambient temperature (typically 25 °C). The reaction was 

allowed to proceed at this temperature for 10 minutes after the addition of the NaOH pellets.  

During this time, the formation of a milky blue copper hydroxide (Cu(OH)2) precipitate was 

observed with minimal black precipitate being formed. After these 10 minutes, the solution 

was heated to 100 °C and maintained at this temperature for another 10 minutes. During the 

time the solution was being heated to 100 °C, the milky blue solution was observed to 

progressively turn black as a CuO precipitate was formed. Analogous to the previous 

procedure, the black solution was subsequently centrifuged and rinsed with water and a 

distilled ethanol (1:1) solution several times then finally rinsed with water and oven dried (70 

°C) to obtain CuO powder.  Figure 3.2 summarises the procedure for the synthesis of the CuO 

nanoparticles while Figure  3.3 (a), (b), (c) and (d), (e), (f) represent the pre- and post- synthesis 

of the CuO nanoparticles prior to washing and drying.

University of Ghana  http://ugspace.ug.edu.gh



  

 
24 

 

 

 

 

    

 

   

 

   

 

 

 

Figure 3.1 Simplified workflow diagram for synthesis of nanostructured CuO
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Figure 3.2:  CuO synthesis process. (a) Initial copper salt solutions before addition of 

NaOH, (b1) Formation of Cu(OH)2 intermediate after addition of NaOH at 25 °C, (b2) 

Formation of CuO after addition of NaOH at 60 °C, (c) Final copper salt solutions after 

addition of NaOH and heating to 100 °C, (d1) CuO from CuSO4.5H2O at 60 °C NaOH 

adding temperature (d2) CuO from Cu(NO3)2.3H2O at 60 °C NaOH adding temperature 

(d3) CuO from CuSO4.5H2O when NaOH is added at 25 °C

c a 

b2 b1 

d1 d2 d3 
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3.3 Analytical instruments for characterisation 

Amongst the techniques used to determine the properties of the synthesised CuO 

nanomaterials, crystallite size and crystal growth planes were determined using X-Ray 

Diffraction (XRD) studies using an X’Pert PRO X-Ray Diffractometer (PanAnalytical, the 

Netherlands) operating with Cu K-α radiation (wavelength of 1.544 Å) at 45 kV and 40 mA 

with a 20 - 70° 2θ range, a 0.2° step width scanning 1.2 deg/min on a 2 g sample. Absorbance 

was measured using a UV-Vis spectrophotometer (Thermo Fisher Scientific, China) operating 

within a scanning range of 200 – 900 nm with a 5 nm scan step on a 3 ml sample. Surface 

morphology of the samples were studied using a Scanning Electron Microscope (SEM) – 

TESCAN with EDX analysis software (Performance in Nanospace, Czech Republic) operating 

at within 0.2 – 30 kV and 2x10-5 ms – 10 ms per pixel scanning speed on a 0.5 g sample. Fourier 

Transform Infra-Red Spectroscopy was performed using a PerkinElmer Spectrum Two 

spectrometer (PerkinElmer Inc., UK) with a 4000 – 400 cm-1 scanning range and 4 cm-1 

resolution on a 0.1g sample. Brunauer–Emmett–Teller (BET) surface area and porosity 

analysis were carried out using (i) An ASAP 2020 V4.01 for CO2 adsorptive analysis 

(Micrometrics, USA) and (ii) A Tristan II 3020 version 2 (Micrometrics, USA) for N2 

adsorptive analysis, on 0.4 g samples.  

 

3.4 Photocatalytic Degradation 

A dye solution (10 mg/L) was prepared for each dye to be degraded (MeO, MB and RhB) and 

to each of these, 30% H2O2 (1.5 ml ) was added in conjunction with CuO to enhance 

degradation efficiency by generating more free radical species in solution[33]. A mass (50 mg) 

of the catalyst (CuO) was then added to the above mixture and stirred in the dark for 15 minutes 

to establish an equilibrium prior to irradiation. The resultant mixture was then exposed to light 

from a 400 W Skylite mercury (Hg) bulb. The setup consisted of a rectangular box on which 
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the bulb was installed as illustrated in Figure 3.4. The top of the box was lined with aluminium 

foil to ensure that all dispersed light rays are reflected to the solution undergoing degradation. 

Small amounts of solution were then sampled at 25 minute intervals and analysed using a UV-

vis spectrophotometer to determine their absorbance. 

 

          

      

                            

                           

 

Figure 3.3: Setup for photocatalytic degradation of the dyes (MeO, MB, RhB) using 

CuO nanoparticles  
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CHAPTER FOUR 

 

 

4.0 Results and Discussion 

Three CuO samples were analysed using different characterisation techniques to determine 

their properties. The different samples were denoted as N60, S25 and N60 where: 

 N60 represents CuO samples precipitated at 60°C from the Cu(NO3)2.3H2O precursor 

salt solution. 

 S25 represents CuO samples precipitated at 25°C from the CuSO4.5H2O precursor salt 

solution. 

 S60 represents CuO samples precipitated at 60°C from the CuSO4.5H2O precursor salt 

solution. 

From literature, Cu2+ ions in solution are said to generally have a coordination number of six. 

This implied that at any point in time within the solution, each one of the Cu2+ ions is 

surrounded by six other molecules, atoms or ions. In this research whereby the solvent was 

water, six water molecules will arrange themselves around a central Cu2+ ion in a process called 

solvation. Because the solvent is water, this solvation process can also be termed hydration. 

However, on the basis of a model called the anionic coordinative polyhedral theoretical 

model[78], with the addition of NaOH and the consequent introduction of ̄ OH ions in solution, 

the structure formed tends to exist as a complex whose ligands are ˉOH ions in solution, with 

four out of the six ligands being arranged in a square planar shape around the Cu2+ cation and 

two lying in its axis as illustrated in Figure 3.1. According to this model still, each complex is 

a building block or basic unit from which the growth of the crystal which is being formed (CuO 

in our case) begins. Within this Cu(OH)6
4- complex, the four ̄ OH ligands which together make-
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up the square planar figure have lower binding energies compared to the other two at the axis. 

This arises from the fact that the inter-planar distances between the four ligands in the square 

planar and the central Cu2+ ion are shorter than those for the two axial ˉOH ions. The shorter 

this distance, the stronger the bonds. The result is that the two axial ions are generally more 

easily dehydrated into CuO and therefore growth of the CuO crystal will be rapid in this axial 

direction[15]. 

 

 

 

  

  

 

 

 

 

 

Figure 4.1: Structure of the Cu(OH)6
4- complex 

 

The explanation above also gives us reason as to why the conversion of the Cu(OH)6
4-  complex 

into CuO was much slower when NaOH was added to the copper precursor salt solution at 25 

°C  compared to when it was added at 60 °C. This is because at lower temperatures (25 °C), 

the ligand bonds are more stable compared to when synthesis is carried out at a high 

temperature (60 °C), which could result in the ligands forming hydrogen bonds with each other 

under such conditions, further stabilising the blue copper hydroxide complex. On the other 

hand (at higher temperatures) the heat energy supplied would break-down any hydrogen bonds 

present and inhibit the further formation of such and the ligand bonds will also be broken-down 

Cu2+ 

ˉOH 
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(axial first) resulting in dehydration of the complex and formation of a CuO black 

precipitate[78]. 

 

4.1 X-Ray Diffraction (XRD) 

The XRD patterns were compared to reference codes 01-089-5895, 01-070-6829 and 01-070-

6831 for N60, S60 and S25 respectively and are shown in Figures 4.1 (a) and (b). Using the 

classical Scherrer equation for average crystallite size estimation, the particle sizes for the three 

samples were found to range from 12 – 13.5 nm with the change in size following the order 

S60 ~ S25 > N60.  
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Figure 4.2 (a) XRD plot of the different CuO nanoparticles showing preferred growth 

planes of the particles, (b) Stacked XRD plots showing individual CuO sample profiles 

 

According to the simple solution chemistry procedure put forward by Zhu et al.[15] for the 

synthesis of CuO nanoparticles, the nanoparticles which arose from a 60 °C NaOH adding 

temperature were found to have an estimated 15 nm crystallite size which is close enough to 

the 12 and 13.5 nm calculated for N60 and S60 respectively in this study. More so, despite the 

use of a different precursor salt (CuSO4.5H2O) instead of Cu(NO3)2.3H2O  as starting material, 

the trend in increasing particle size with increasing NaOH adding temperature was still 

observed between the S25 and S60 nanoparticle samples. This study therefore found that 

whether Cu(NO3)2.3H2O or CuSO4.5H2O is used as precursor salt, there will be no significant 
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difference for trends in crystallite size with NaOH adding temperature observed amongst CuO 

nanoparticles originating from the same precursor salt.  

Because of the larger size of the sulphate ion compared to its smaller nitrate counterparts in 

solution, it could be suggested that it shields the Cu2+ ions more from interacting with the water 

molecules to form the  Cu(OH)6
4-  complex (Figure 3.1). This may result in shorter and stronger 

Cu-O bonds from the nitrate precursor and a corresponding smaller crystallite size compared 

to those originating from their sulphate counterparts as is observed in this research[78]. 

From the plot in Figure 4.1 (a) it can be observed that for all three CuO samples synthesised, 

the most densely packed planes (preferred plane orientation for particle growth) are the {111}. 

This can be explained by the fact that CuO’s maintains most of its backbone structure which 

originates from a fundamental copper metal crystal lattice[33] in which the{111} planes are 

the most densely packed. 

Figure 4.2 (a), (b) and (c) show the XRD models of the different samples comparing the 

experimental values of CuO to the calculated (theoretical) values. The difference between the 

two values for each sample is minimal, confirming that CuO nanoparticles were indeed 

synthesised. 
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Figure 4.3: Modelled XRD patterns for (a) S60, (b0 S25 and (c) N60 

 

 

4.2 UV-Vis Spectroscopy 

The absorbance curves for the three CuO samples are shown in Figure 4.3. The curves show 

broad shoulders from 255 nm to 450 nm. Given that the wavelength of absorption (and not the 

intensity) was the point of focus for this measurement, the amount of each sample mixed in 

solution and used for the absorbance measurement was taken at random. This is thought to 

have resulted in the differences in absorbance intensity observed.  
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Figure 4.4: Absorbance values for the synthesised CuO samples 

 

From the tauc plots for each sample, the band gap energies of the three samples were estimated 

to range from 2.12 – 2.4 eV. This suggested that the synthesised nanoparticles were most likely 

to absorb photons within the visible range of the electromagnetic spectrum. The change in 

bandgap followed the order S60 ~ S25 < N60. Following the quantum size effect phenomenon 

observed in CuO[35], [36] whereby bandgap energy increases with decreasing crystallite size, 

the trend in bandgap energies was in agreement with the XRD data obtained during this 

research. N60 having the smallest average crystallite size should therefore have been expected 

to have the highest bandgap as was observed in this study. Similar absorbance profiles with 

corresponding bandgap energies have been recorded in literature for CuO nanoparticles of 

about the same size[30]. 

 

4.3 FTIR 

The FTIR spectrum for the synthesised CuO nanoparticles is shown in Figure 4.4. The peaks 

at 3475, 2927 and 3390 cm-1 correspond to OH stretching vibrations from water molecules 
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adhered to the surface of the nanoparticles. The peaks at 1636 cm-1 and 1644 cm-1 correspond 

to a Cu-O bond vibrational mode[79]. The peaks at 482, 498, 595 and 603 cm-1 can be assigned 

to CuO vibrational modes[79]–[81]. All peaks from 482 to 1364 cm-1 can be assigned to CuO 

vibrational modes[82].These peaks therefore confirm the presence of CuO nanoparticles.  
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Figure 4.5: FTIR plot for the synthesised CuO samples 

4.4 Scanning Electron Microscopy (SEM) 

Figure 4.5 shows pictures of SEM analysis of the synthesised CuO nanoparticles. The SEM 

shows agglomerates of the CuO nanoparticles. The surface of nanoparticles have a hairy 

appearance which is indicative of the presence of finer (smaller) particles which together 

makeup the bulk mass which can be observed under the SEM.  
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Figure 4.6: SEM images of (a) S60, (b) S25 and (c) N60 

4.5 Energy Dispersive X-Ray Spectroscopy (EDX) 

Figures 4.6 – 4.8 (a) and (b) show the EDX plots and atomic distribution for S60, S25 and N60, 

respectively. Except for N60 (which has a higher O ratio arising from an external source and 

is not a cause for concern), the weight percent (wt %) and atom percent (at %) indicate clearly 

for S60 and S25 that the atoms exist in the mole ratio 1:1 which is the case in the compound 

CuO. This therefore further confirmed that the synthesised particles were CuO nanoparticles. 

(a) (b) 

(c) (c) 
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Figure 4.7: (a) EDX spectrum and (b) Picture showing atomic distribution of Cu and O 

in S60 sample 

 

 

S60 

Element  wt%  at% 

O  19.24  48.61 

Cu  80.76  51.39 

(a) 

(b) 
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Figure 4.8: (a) EDX spectrum and (b) Picture showing atomic distribution of Cu and O 

in S25 sample 

 

 

S25 

Element  wt%  at% 

O  16.40  43.8 

Cu  83.60  56.2 

(a) 

(b) 
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Figure 4.9: (a) EDX spectrum and (b) Picture showing atomic distribution of Cu and O 
in N60 sample 

 

 

(a) 

(b) 

N60 

Element  wt%  at% 

O  38.22  71.08 

Cu  61.78  28.92 
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4.6 Brunauer–Emmett–Teller (BET) Surface Analysis 

4.6.1 Adsorption Isotherms 

4.6.1.1 Carbon dioxide (CO2) adsorption isotherms 

The carbon dioxide (CO2) adsorption isotherms are shown in Figures 4.9 (a), (b), (c) and (d) 

for S60, S25, N60 and a combination of all three respectively. All three samples portrayed a 

characteristic Type I isotherm profile according to the IUPAC classification of adsorption 

isotherms for gas-solid equilibria[83]. This profile describes adsorption occurring on an 

adsorbent with very small (microporous) pores. Figure 4.8 (d) shows that N60 had the highest 

adsorption values compared to S60 and S25 indicating that N60 had many more micro pores 

than S60 and S25 and has a higher affinity for the adsorbent. 
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Figure 4.10: CO2 adsorption isotherm for (a) S60, (b) S25, (c) N60 and (d) S60, S25 and 
N60 combined 
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4.6.1.2 Nitrogen (N2) adsorption isotherms 
 

Brunauer et al. conducted a study which showed that it is convenient to separate the 

classification of adsorption isotherms into two parts made up of five adsorption isotherms; one 

at low relative pressures (Type A and B, 0 < P/Po < 0.3) as shown in Figure 4.10 and the other 

at higher pressures as shown in Figure 4.11. This comes from the suggestion that the isotherms 

will behave differently at these two points owing to the differences in adsorbate-adsorbent 

interactions which characterise the two regions[84].  

 

 

  

 

 

Figure 4.11: Graphs showing initial behaviours of adsorption isotherms (low relative 

vapour pressures). Adapted from[84] 

 

 

  

  

 

 

 

Figure 4.12: Graphs showing behaviour of adsorption isotherms at high pressures. 

Adapted from[84] 
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The study further states that Type A profiles are characteristic of microporous adsorbents with 

strong adsorbate-adsorbent interactions. It also suggests that surface area calculations are done 

from this section of the isotherm. This agrees with our findings stated earlier in section 4.6.1.1 

in relation to Figure 4.8 where the relative pressures only went up to 0.04. Type B describes a 

situation where the adsorbate-adsorbate interactions are very significant and in some cases 

equal to the adsorbate-adsorbent interactions thereby influencing any calculations made from 

this section of the isotherm significantly. In type X profiles the isotherm is almost unaffected 

by the increase in pressure while in Type Y there exists a desorption curve which is not visible 

simply because it follows the same profile as the adsorption curve. This implies the adsorbed 

gas is desorbed without any retention. Type Z describes a profile in which the desorption curve 

does not follow the adsorption profile until further down at low pressures where they reunite. 

This is due to the fact that some of the adsorbed gas particles are temporarily retained and once 

they are released at lower pressures, the desorption and adsorption curves meet again[84].   

From the study discussed above, a nitrogen (N2) adsorption study was carried out on S60 and 

N60. This assisted in the classification of the isotherm for region of higher relative pressure. 

The N2 adsorption profiles which were obtained are shown in Figure 4.12 (a) and (b) for S60 

and N60 respectively.  
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Figure 4.13: N2 adsorption isotherm of (a) S60 and (b) N60 

 

At higher pressures (P/Po = 0.3) in S60, adsorption increases with increasing pressure but the 

effect of the interaction of the gas molecules with the external surface overshadows that of any 

micro pores that might exist in this region. The result is that there is no retention of adsorbate 

within pores and desorption follows the same pathway as adsorption , giving rise to the 
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Brunauer Type Y profile (Figure 4.10) which corresponds to  IUPAC Type III adsorption 

isotherm. This indicated that within this sample, in addition to the micro pores identified by 

the isotherms in Figure 4.9 which make up the majority, there also existed few particles with 

large (macro) pores with weak adsorbate-adsorbent interactions at their surfaces[83]. While it 

is not uncommon to find one sample with multimodal (micro, meso, macro) pore sizes is not 

unusual and this type of adsorption profile also suggest the presence of aggregated 

nanoparticles[85].  

N60 also showed an increase in adsorption with pressure at higher pressures but desorption did 

not follow the same path as adsorption, resulting in the hysteresis loop observed in Figure 4.11 

(b). This is indicative of the fact that there was some degree of retention of the adsorbate on 

the adsorbent until later at lower pressures where they were totally released from the 

adsorbent’s surface. This resulted in Type Z, Brunauer classification profile which is identical 

to IUPAC Type IV profile and characteristic of mesoporous particles[83], [84].  

Despite the higher molecular weight of CO2 compared to N2, the former has a smaller kinetic 

diameter which may enable it interact better with microporous materials than N2[86]. This 

might suggest that it may be able to interact better with micro pores thereby revealing a more 

defined and accurate profile at lower pressure, where micro pores are most likely identified 

(Figure 4.9). N2, having the larger kinetic diameter on the other hand may be able to define a 

more accurate profile at higher pressures where larger pore size are most likely identified. 

 

 

4.6.2 BET Surface Area and Pore Size 

The relationship between BET surface area and pore size for each of the synthesised CuO 

nanoparticles is shown in Figure 4.13. The BET surface area is seen to decrease from 28.4 m2/g 

in S60 to 26.8 m2/g in S25 and that of N60 being the highest (49.3 m2/g). This implies that the 
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CuO particles synthesised from the copper nitrate precursor salt generally have a higher BET 

surface area than their counterparts synthesised from the sulphate precursor. This could be due 

to the fact that on precipitating, nitrates generally form more colloidal solutions than sulphates. 

This would mean the sulphates will have a greater tendency to coagulate or form agglomerates 

on precipitating thereby resulting in larger particles than their nitrate counterparts as can be 

seen from the SEM. The recorded surface area values were also noted to be high compared to 

some observed in literature for other CuO nanoparticles. For example, Zaman et 

al.[74]recorded an 8.4 m2/g maximum for surface area while Sasikala et al. [7] recorded 1.82 

m2/g (for bare CuO) and 5.54 m2/g (for cerium loaded CuO). 

The trend in pore sizes for each CuO sample progresses in the opposite sense whereby the CuO 

particles originating from the sulphate precursor, tend to have larger pore sizes compared to 

their N60 counterpart. This is difference could have arisen from the differences in porosity due 

to internal space of the samples[85] where the more closely packed  the molecules are within 

the crystal lattice, the smaller the intermolecular spaces and the smaller the average crystallite 

size.  

The high surface area difference despite the low crystallite size difference between the CuO 

nanoparticles originating from sulphates and nitrates can be accounted for by the fact that 

sulphates are more likely to form agglomerated precipitates than nitrates leading to a great 

reduction in their surface sites (pores) available (exposed) for interaction with an adsorbate.  
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Figure 4.14: Plot showing relationship between BET surface area and micro pore size 

for the synthesised CuO nanoparticles 

 

4.6.3 BET Surface Area and Pore Volume 

Figure 4.14 shows the trends and relationships between the BET surface areas and pore 

volumes of the different CuO nanoparticles synthesised. The plot shows that the pore volume 

is directly related to the BET surface area as would be expected. This is because for a given 

material, a decrease in surface area is synonymous to taking away part of the material surface, 

and therefore taking away the pores on that part of the material with the removed piece and 

vice versa. As such the two properties follow the same trend for all three CuO samples. The 

values for the properties of the S60 and S25 samples are only slightly different despite the 

difference in NaOH adding temperature. This could be the effect of the tendency of S60 and 

S25 to agglomerate (see Section 4.6.2), thereby reducing the overall available surface area and 

corresponding pore space on the surfaces of these agglomerated nanoparticles.   
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Figure 4.15: Plot showing the relationship between BET surface area and pore volume 

for the synthesised CuO nanoparticles 

 

4.6.4 Micro pore Surface Area and Pore Volume 

The micro pore surface area and pore volume trends are shown in Figure 4.15. They have 

similar relationships as the BET surface area and pore volume as discussed in Section 4.6.3. 
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Figure 4.16: Plot showing relationship between micro pore surface area and pore 

volume of the synthesised CuO nanoparticles 

 

4.7 Photocatalysis 

4.7.1 Visible Light Degradation 

A summary of the degradation efficiency of each of the synthesised CuO species in the 

respective dyes is shown in Figure 4.16 while the absorbance (degradation) plots for the 

individual samples in each dye (MeO, MB and RhB) in the presence of the visible light source 

are shown in Figures 4.17, 4.18 and 4.19. A general decrease in the absorbance (concentration) 

of dye is observed with time owing to the continuous production and consumption of •OH 

radicals (in the breakdown of the dye, Figure 2.1). It can be seen from Figure 4.16 that within 

100 minutes each CuO sample was able to degrade all three dyes up to a minimum 85 % (in 

MeO) and a maximum 99 % (in RhB). These percentages were achieved within a shorter time 
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interval than some degradation studies in literature did. For instance, Zaman et al.[74] and 

Sasikala et al.[6] cited earlier in section 4.6.2 while comparing BET surface areas, both 

recorded a 95 % and 98 % maximum degradation respectively only after 5 hours of degradation. 
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Figure 4.17: Summary of average percentage degradation for each sample in each dye 

 

 In each case, N60 proved to unfailingly have a very high degradation efficiency hypothesised 

to be directly associated with the highest BET surface area and smallest particle size recorded 

for N60 samples when compared to the other two samples (See section 4.6). Generally, all the 

classes of dye responded well to the photocatalytic degradation regime applied in the presence 

of the synthesised CuO nanoparticles, with RhB having the highest degradation percentages 

per CuO sample at the end of the 100 minutes. 
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4.7.2 Changes in dye concentration with time 

The changes in concentration of the dyes during the degradation process are shown in Figure 

4.17 and have been expressed as percentages. A general decrease in the amount of dye in 

solution with time of exposure to the light source can be observed across all three dyes. This 

can be explained by the fact that exposure of the dyes to the photocatalytic system leads to their 

degradation facilitated by •OH radicals in solution which ensues continuously as long as the 

catalyst is exposed to the visible light. Carbon dioxide and water are the main end products of 

this breakdown with other elements present ending up as inorganic ions in solution (See Figure 

2.1). The percentage of the residual dye was calculated following Equation 4.1 owing to the 

fact that the change in amount of dye (concentration) with time is directly proportional to the 

change in absorbance as shown in Equation 4.2. The same was used to calculate the percentage 

degradation of the dye over time for the three synthesised CuO samples. 

% Dye remaining in solution = (At / A0) x 100%       4.1 

(A0 – At) / A0 = (C0 – Ct) / C0         4.2 

 

 

Where A0 = Absorbance after 0 minutes of degradation 

 At = Absorbance after t minutes of degradation 

 C0 = Concentration after 0 minutes of degradation 

 Ct = Concentration after t minutes of degradation 
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Figure 4.18: Absorbance curves for the degradation of MeO dye using S60, S25, N60 

(a) (b)

(c)
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Methylene Blue (MB) 

350 400 450 500 550 600 650 700 750 800 850 900
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0
 

 

A
b

so
rb

an
ce

 (
a.

u)

Wavelength (nm)

 0min
 25mins
 50mins
 75mins
 100mins

 S60

350 400 450 500 550 600 650 700 750 800 850 900
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0
 

 

A
b

so
rb

an
ce

 (
a.

u)
Wavelength (nm)

 0min
 25mins
 50mins
 75mins
 100mins

 S25

 

 

350 400 450 500 550 600 650 700 750 800 850 900
0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0
 

 

A
b

so
rb

an
ce

 (
a.

u
)

Wavelength (nm)

 0min
 25mins
 50mins
 75mins
 100mins

 N60

 

 

Figure 4.19: Absorbance curves for the degradation of MB dye using (a)S60, (b)S25 and 

(c)N60 

(a) (b) 

(c) 
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Rhodamine B (RhB) 
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Figure 4.20: Absorbance curves for the degradation of RhB dye using (a)S60, (b)S25 

and (c)N60 

(a) (b) 

(c) 
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Figure 4.21: Plots showing change in concentration of dye (expressed in percentages) 

with time for MeO, MB and RhB 
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4.8 Characterisation Summary Report 
 

Table 1: Summary of the characterisation data for the synthesised CuO nanoparticle 
samples 

Sample Name Particle 
Size 
(nm) 

Band 
Gap 
(eV) 

BET 
Surface 
Area 
(m2/g) 

Micropore 
Surface 
Area 
(m2/g) 

Pore 
Size 
(nm) 

Pore 
Volume 
(cm3/g) 

Average % 
Degradation 
(over all 
dyes) 

        
        
S60 13.5 2.12 28.4 110.9 1.2 0.0083 90.7 

 

S25 13 2.11 26.8 91.7 1.3 0.0087 95 

 

N60  12 

 

2.4 49.3 206.9 0.9 0.0105 95 

 

 

 

 

 

 

 

 

 

 

 

University of Ghana  http://ugspace.ug.edu.gh



  

 
57 

 

CHAPTER FIVE 

 

 

5.0 Conclusion and Recommendations 

From the results, CuO nanoparticles of different sizes were synthesised successfully from two 

different copper precursor salts, using a simple solution method without the use of surfactant. 

The synthesised particles were successfully characterised and found to have band gaps ranging 

from 2.11 eV to 2.14 eV and multimodal pore sizes. Their BET surface areas were 26.8 m2/g, 

28.4 m2/g and 49.3 m2/g and were found to be relatively higher compared to those in cited 

literature (See section 4.6.2). The nanoparticles were used to degrade three organic dyes; MeO, 

MB and RhB. From the 85 % overall minimum and 99 % overall maximum degradation value 

after 100 minutes, it can be concluded that the synthesised CuO nanoparticles can be suitable 

for the photocatalytic degradation of azo and rhodamine dyes with a slightly quicker or more 

effective degradation potential on rhodamine dyes. The N60 sample, with the highest BET and 

micro pore surface areas performed consistently better, by facilitating the degradation of all the 

dyes assessed compared to the other catalyst samples within the same time interval. It was 

therefore the preferred photocatalyst in terms of its consistent efficiency across both dye 

classes. 

This research pointed out that following this method of synthesis, nitrate precursors would be 

a better choice over sulphates for the synthesis of CuO nanoparticles for surface applications. 

This is because the nanoparticles resulting from the nitrate precursors exhibit very high (almost 

double) surface areas and pore volumes compared to those originating from the sulphate 

precursors. 
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The results from this research suggest that the synthesised CuO nanoparticles could be suitable 

for wastewater treatment. Future research can be carried out to investigate the recyclability of 

the CuO nanoparticles, effect of pH on degradation and the kinetics of the degradation process. 

Emphasis can be laid on the CuO nanoparticles arising from the nitrate precursor salt, given 

their visible efficiency in this research. 
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