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Abstract

Phenol, 2-chlorophenol (2-CP) is used in the manufacture of several chemical compounds
including other chlorophenols, dyes, dentifrice and pesticides. The usage of these chemicals
results in the discharge of 2-CP that is harmful to most biota in the environment. Therefore there
is need to remove or degrade 2-CP from the environment, especially in water. This research
focused on the synthesis, characterization and application of Ag doped semiconductor (TiOz,
Zn0O, and ZnS) nanoparticles for the removal of 2-CP from water. Sol-gel and co-precipitation
methods were used to synthesize the nanoparticles with different Ag contents (1%, 3% and 5%).
Silver metal was used as a doping agent due to its antibacterial activity and ability to improve the
photocatalytic activity of the semiconductors for 2-CPdegradation under UV irradiation.
Characterization techniques such as X-ray diffraction (XRD), Fourier transform infrared (FTIR),
Ultra-violet visible spectroscopy (UV-Vis) and photoluminescence spectra (PL) were used to
characterize the structural, optical and physical properties of the nanoparticles, while
Transmission electron microscopy (TEM) was used to characterize the surface of the
nanoparticles. The XRD results confirmed the formation of anatase, wurtzite and blend phases of
TiO2, ZnO and ZnS nanoparticles, respectively. The band gaps of the synthesized nanoparticles
were 3.42 eV, 3.23 eV and 3.12 eV for TiOz, ZnO and ZnS nanoparticles respectively. The TEM
images showed that all synthesized nanoparticles were uniform in shape. Photocatalytic
degradation of 2-CP under UV irradiation confirmed that the semiconductor’s photocatalytic
activities improved with the addition of Ag ions. The best removal percentage was obtained at
doped Ag percentages of 5, 1 and 5 % using TiO2, ZnO and ZnS, respectively. In addition, the
effects of various parameters affecting the photocatalytic degradation such as pH, initial
concentrations of 2-CP and amount of catalyst (Ag doped TiO2, ZnO and ZnS, respectively)
loading were examined and optimized. At the different initial concentrations of 2-CP, namely, 8,
20 and 50 ppm, the highest degradation efficiency was obtained at pH of 10.5 and 5 mg of
catalyst dosage. However a decrease in initial concentration of 2-CP showed an increase in the
photocatalytic efficiency. The degradation percentage of 2-CP obtained with Ag doped TiO;
ZnO and ZnS nanoparticles were 74.74, 57.8 and 45.49 %, respectively. Doping of these
materials with Ag enhanced their photocatalytic activity; thus, they have the potential of

degrading phenolic compounds, especially 2-chlorophenol, in water.
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Chapter 1: Introduction



1.1 Introduction

It has been reported that the world may face a 40% water shortage by 2030 and this will affect at
least 1.80 billion people (HPLW, 2017). For instance, water demand in South Africa will
increase by 1% each year from 15-billion cubic meters a year in 2016 to 18 billion cubic meters
in 2030. “This is equal to 17% supply deficit (HPLW, 2017). Water quality is a crucial resource
for human life and the entire earth’s ecology. One of the greatest challenges with water is
pollution (Water, 2017). Water pollution is any undesirable change in water purity and quality
caused by the introduction of harmful substances. For the World Health Organization (WHO)
(1997), the term ‘water pollution’ is defined as any change in the physical, chemical and

biological properties of water that has a harmful effect on living things (Helmer et al., 1997).

Developed countries such as China, Australia, Italy, United States of America, India, Japan,
Germany, Indonesia, and Brazil are listed amongst the highest water polluted countries in the
world because of urbanization and the use of several chemical products (All-About-Water-
Filters, 2019). South Africa, a semi-arid country, with a low chance of rainfall each year is faced
by growing water pollution as in the rest of Africa. In South Africa, pollution leads to high
priority problems because of the relative scarcity of water. Urbanization contributes to the
deterioration of water quality in water sources (lakes, rivers and streams) in urban centres (Moyo
and Phiri, 2002).

Pollution has several sources such as growth of the population, deforestation, damming of rivers,
destruction of wetlands, industry, mining, agriculture and energy use. In the past, water pollution
was linked to the energy industry. It has been stated that around 450 tons of organic waste is
produced annually in South Africa (Heath et al., 2009). Recently, population growth and the
industrial development have been identified as the major contributory factors to South Africa’s
water pollution (Musingafi, 2014). Waste water is discharged by industries and domestic
activities into rivers, lakes and ending up in oceans contain chemicals such as dyes, pesticides
and herbicides, as well as biological pollutants (bacteria and viruses).Conventional treatment
methods such as flocculation, activated carbon adsorption and filtration have been applied to

clean polluted water.



However, these methods are expensive and not very efficient (Mohamed, 2011; Oturan and
Aaron, 2014; Krishnan et al., 2017).Advanced oxidative process (AOP) is a new efficient
technique for non-biodegradable pollutants compared to biological process (Gnanaprakasam et
al., 2015). The AOP uses stronger oxidants than molecular oxygen such as ozone and especially
OH- radicals, generated either by UV light, ultrasound and/or catalyst in the degradation of
organic pollutants (Vora et al., 2009). The use of a semiconductor in the AOP process is based
on the generation of electron-hole pair by photo-activation of the semiconductor’s material. In
the presence of a catalyst, low energy ultraviolet rays may be utilized for degradation of
recalcitrant wastewater pollutants by using photo-generated positives holes and electrons as

powerful oxidants and good reductant, respectively (Bamuza-Pemu, 2014).

Amongst the different semiconductors TiO2 (3.2eV), ZnO (3.3eV) and ZnS (3.66eV)
nanoparticles attracted attention due to their different potential applications in different areas,
such as catalysis, biomedical, sensors, electrical, and electronics (Ibhadon and Fitzpatrick, 2013).
Heterogeneous semiconductors have attracted much attention recently because of their low
toxicity, low cost, optical, chemical, electrical properties, and environmentally friendly
characteristics which make them suitable photocatalysts in the photocatalytic process. Their
rapid rate recombination photogenerated electron-hole pair is one of the disadvantages (Ibhadon
and Fitzpatrick, 2013).

Doping is the introduction of an impurity into the lattice of a pure material. During the past
decade the introduction of impurities into semiconductor materials has been studied by
researchers for the purpose of regulating their properties. Multiple elements from the periodic
table have been used as dopant ions into the range of semiconductor nanoparticles and the results
showed an improvement of their properties compared to the pure semiconductors nanoparticles
(Hosseini et al., 2015; Munir et al., 2019). However, the incorporation of Ag can bring new
properties to the semiconductor and improve their photocatalytic activity by reducing the rapid
recombination of electron-hole (e/h*) pair which will make the nano-semiconductor suitable for
the degradation of persistent organic pollutants (Boxi and Paria, 2014).

This study will focus on the use of a semiconductor photocatalyst doped with silver for the

elimination of a phenolic derivative compound.



1.2. Problem Statement

Phenolic compounds and its derivatives are ubiquitous contaminants in the environment. Their
discharge to the environment causes serious problems such as odour, change of taste, and water
turbidity. Among them, chlorinated phenols known as chlorophenols are an important class of
aromatic pollutants in industrial wastewater. They enter the environment via industrial activities
such as chemical and pharmaceutical waste deposits. For instance, 2-chlorophenol, one of
chlorinated compounds released to the environment is an intermediate product in the production
of phenoxy herbicides (or phenoxies) and it is employed by municipalities for water disinfection.
The ingestion of drinking water and fish contaminated with 2-chlorophenol threatens human
health. 2-cholrophenol is a significant pollutant threat in the environment due to its toxicity,
carcinogenicity, poor biodegradability, even at low concentrations. Its removal from water has
become a big challenge to researchers (Ku et al., 2010; Taleb, 2014; Rashid et al., 2015a).

In the removal of 2-chlorophenol from water, photocatalytic processes assisted by semiconductor
nano-photocatalysts (TiO2, ZnO, and ZnS) has gained significant attention over conventional
techniques. The TiO2, ZnO, and ZnS semiconductor nanoparticles are mainly used due to their
light induced free radical catalytic degradation of 2-chlorophenol. The photocatalytic
applications of semiconductor nano-photocatalysts under UV irradiation light rely on their band
gap, crystallinity, surface area and electrons-holes recombination. The development of less
expensive and efficient photocatalysts for the complete or partial mineralization of recalcitrant
organic pollutants by turning them to CO2 and HO is still a problem for the industries (Babu and
Khadar, 2011; Boxi and Paria, 2014; Bechambi et al., 2015).

1.3. Aim
The aim of this research is to determine the photocatalytic activity of undoped and silver doped

TiO2, ZnO and ZnS nanoparticles for the degradation of 2-chlorophenol under UV irradiation.

14. Objectives

The objectives of this research are:
1. To synthesize TiO2, ZnO and ZnS nanoparticles

2. To synthesize doped TiO2, ZnO and ZnS with different percentages (1, 3 and 5 %) of

Ag nanoparticles.



3. To characterize the nanoparticles using, Ultra-violet visible spectroscopy (UV-Vis),
Photoluminescence spectra (PL), X-ray diffraction (XRD), Fourier transform infrared
(FTIR) and Transmission electron microscopy (TEM).

4. To assess the synthesized nanoparticles for the photocatalytic degradation of 2-
chlorophenol under UV irradiation.

5. To investigate various operating variables such as effect of pH, catalyst concentration

and pollutant concentration on the catalyst photo activity efficiency.



Chapter 2: Literature Review



2.1. Background

Pollution of drinking water sources by chemical substances is a major challenge due to the
diverse sources of pollutants; industrial and municipal wastewater as well as agricultural sources.
Pollution has an adverse effect on humans, the ecosystem and may lead to production of toxins,
bad taste and odour in water (Bamuza-Pemu, 2014). Some of these compounds are endocrine
disrupting compounds  (Bisphenol A, 2-chlorophenol, 2,4-dichlorophenol, 2,3,4,6-
tetrachloropheno etc) and pose potential threat on human and animal health (Choquette-Labbé et
al., 2014).The increasing levels of organic pollutants originating from autogenic sources such as
pesticides, aromatic compounds from industrial effluent, or pharmaceuticals have been detected
in water sources. There is a need to enhance the drinking water treatment technologies to meet
safety requirements and to mitigate the presence of unwanted pollutants. A new technology
called advanced oxidation process has been judged to be the best method for the removal of these

resistant and recalcitrant pollutants (Gupta et al., 2012).

2.2. Chlorophenols

Chlorophenols (CPs) are poorly biodegradable with a half-life that can exceed 10 years in
organic sediments. Over 166 chlorinated phenol compounds are on the list of 14667 national
priority pollutant and 6 of them (2-CP, 4-CP, 2,4-DCP, 2,4,6- TCP and PCP) have been named
by the US Environmental Protection Agency (US EPA) as priority pollutants in water pollution
(Callahan et al., 1979; Zhu and Shan, 2009; Zhu et al., 2011). Other groups of chlorinated
phenolic compound such as 2,4,5-Trichlorophenol, 2,3,4,6-Tetrachlorophenol (TTC) have been
classified as 2B group environmental carcinogens by the International Association for Research
on Cancer (Czaplicka, 2004).

2.2.1. 2-Chlorophenol

The compound 2-chlorophenol is also known as ortho-chlorophenol or 2-choro-1-
hydroxybenzene. The molecular formula is C¢H4CIOH and the structure shown in Figure 2.1. 2-
chlorophenol is formed by a reaction between chlorine molecule and phenol in a presence of an
acidic catalyst. It is a colorless to yellow-brown liquid, toxic with an unpleasant, repulsive odour,
and has a pKa = 8.5 at 25°C (Zorba, 2015).



The C-CI bond in the 2-chlorophenol compound is highly stable and it is responsible for its
toxicity and persistence in biological environments (Rao et al., 2003b). It is introduced into the
aquatic environment by the effluents discharged of several industries such as pharmaceutical,
dyestuff, textiles, plastics, petroleum as well as from effluents when it is used as an intermediate
product for the production of large synthetic molecules (Zorba, 2015). In addition, it also enters
water during the purification process via the use of chlorine (Rao et al., 2003b). Kool et al.
(1982) and Lucas and Kopfler (1984) qualitatively identified the presence of 2-chlorophenol in
drinking water in United States. In Australia, 2-chlorophenol was found in ground water samples
collected near a chemical manufacturing plant (Stepan et al., 1981). People consuming 2-
chlorophenol contaminated water above its standard exposure limit (0.2 — 0.5 pug/L) may develop

defects such as lung, liver, and kidney damage, and in some cases death (Zorba, 2015).

OH
Cl

Figure 2. 1: 2-chlorophenol structure (Zorba, 2015)

It has been observed that water containing more 200 mg/L of 2-CP cannot be treated by
biological methods (Rao et al., 2003a). However, the advanced oxidation process has been
promoted or judged as an appropriate technique for a complete oxidation of resistant and toxic
organic compounds to harmless products such as CO2 and H>O (Ba-Abbad et al., 2017).

2.3. Advanced Oxidation Method
In the 1980s, an advanced oxidative process (AOPs) was proposed for potable water treatment.
Since then, AOPs have been proposed for the treatment of various wastewaters due to their

ability to degrade recalcitrant organic and inorganic pollutants in wastewater (Deng and Zhao,
2015). The advanced oxidation process involves the generation of hydroxyl radicals (OH’) in

sufficient quantity for water purification. Some recently advanced oxidative processes have used

sulphate radicals (SO4™).



Contrary to the functioning of common oxidants such as chlorine and ozone that play double role
of decontamination and disinfection, AOPs are applied for the destruction of organic pollutants
in wastewater for the complete oxidation and mineralization to CO2 and H2O (Zhou and Smith,
2002; Augugliaro et al., 2006; Deng and Zhao, 2015). Advanced oxidation processes may be
used in combination with chemical and/or physical agents; for example, combination of
oxidizing agents with UV, catalyst or ultrasound and a catalyst plus ultraviolet (Choquette-Labbé
etal., 2014).

These advanced oxidation processes can be grouped into different classes such as (i) the
photolytic system (use only UV irradiation), (ii) the photochemical system (combination of UV

and chemical oxidation), and (iii) physical system (photocatalysis and cavitation).

Advance oxidative processes use reactive oxygen species as the principal oxidizing agent. The
use of external sources such as ultraviolet radiation (UV) or solar light makes AOPs (Ibhadon
and Fitzpatrick, 2013) more expensive than biological wastewater treatment. The AOPs have

certain advantages and disadvantages as described below.
Advantages

I.  Destroys toxic organic compounds without transferring them into another phase
ii.  Works for air and water disinfection
iii.  Adaptable in small scales

Disadvantages
i.  Relatively high operation cost due to chemical or energy input
ii.  Formation of oxidation intermediates potentially more toxic

Several methods are classifieds under the broad definition on AOPs and these may be grouped
into non-photochemical and photochemical driven methods (Table 1).



Table 1: List of some AOPs

Process occur in Darkness Light driven AOPs
Ozone (O3) Photolysis (UV + H,02)
Fenton (Fe?* + H,0,) Photocatalysis (light + catalyst)

Electrolysis (electrodes + current)  Photo- Fenton (Solar lights +

Fenton)
Sonolysis (ultrasounds) Hydrogen peroxide and ozone
(UV/O3/H202)
2.3.1. Advanced Oxidation Process Mechanism

Advanced oxidation process involves several steps.

i.  Formation of strong oxidants (e.g. OH")
ii.  Reaction of oxidant with organic compounds in water producing biodegradable
intermediates
iili.  Reaction of biodegradable intermediates with oxidants referred to as
mineralization (i.e. production of water (H.O) + carbon dioxide (CO2) and
inorganic salts.

2.3.2. OH- radicals — based advanced oxidative process
The hydroxyl radicals (OH’) are reactive and strong oxidizing agents in water treatment with a

potential oxidation of between 2.8 V and 1.95 V for pH = 0 and at pH = 14 vs SCE (saturated
calomel electrode used commonly as a reference electrode) (Metcalf et al., 2003; Deng and
Zhao, 2015).

They are non-selective and react rapidly with organic pollutant species with a constant rate
between 108-10°ms™. The hydroxyl radical attacks organic pollutants using one of four ways:
hydrogen abstraction, radical addition, electron transfer and radical recombination. Any of these
results in carbon-center radicals with the organic pollutants and the carbon-centre reacts with O

to produce reactive species such as H>O; (hydrogen peroxide) and O (superoxide) which is

known as the more reactive species compared to OH- for chemical degradation and

mineralization of organic pollutants (Deng and Zhao, 2015).
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A summary of OH' generation mechanisms of major AOPs for wastewater treatment are depicted

below:

Figure 2.2: Main advanced oxidation processes (AOPS)

Photochemical oxidation processes based on UV can be classified in two groups: homogeneous
photooxidation and heterogeneous photocatalysis which rely on different mechanisms of OH

generation (Gupta et al., 2012).

2.3.3. Homogeneous Photo Oxidation

Homogeneous photodegradation applications in the treatment of contaminated water use an
oxidant to generate radicals that attack the organic pollutants to initiate oxidation. Several
photochemical methods (Figure 2.2) may be used in a homogeneous solution such as: (i)
Hydrogen peroxide (UV/H202), (ii) Ozone (UV/Os3), (iii) Photo- Fenton system (Fe®*/H.02) and
(iv) Hydrogen peroxide and ozone (UV/O3/H202); This combination increases the rate of
oxidative degradation (Sunder and Hempel, 1997; Safarzadeh-Amiri, 2001).
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The majority of AOPs listed in Figure 2.2involves the use of hydrogen peroxide as oxidizing

agents. The oxidizing strength of H20> alone has been observed to be weak in the absence of UV
light. The light improves the rate and the strength of oxidation for the production of enough OH'.

The H>O> can also be used to improve other AOPs if it is added at low concentrations, as the
molecule splits in two hydroxyl radicals (Deng and Zhao, 2015).

Table 2: List of homogeneous photo-oxidation (Mohamed, 2011)

Methods Reaction Disadvantages
UV /O3 pH dependence
O3 +H20 + hv— O3 + H202 Absorb X < 300 nm, a lesser

O3z + H)O, = OH' + 2HO, + O» component in solar radiation.
Continuous supplies of feed
chemicals are required
Absorb A < 300 nm, a lesser
UV/H202 H,0, + hv — 2HO component in solar radiation.
pH dependence
Continuous supply of feed
chemicals is required
Absorb A ¢ 300 nm, a lesser
UV/H202/03 Os+ H,O — OH + 2HO, + 0> component in solar radiation.
Applicable over a wider pH

range.
Sludge  disposal  problem
Fe3*/H20: H,02+Fe?* —»Fe3* + OH + OH during the process
Fe3* + H,O + hv —» Fe?* + ‘OH + Process is expensive
H+
2.34. Heterogeneous Photocatalysis

Heterogeneous photocatalysis with the use of UV or visible light illumination on the surface of
a semiconductor has been applied mainly and recognized to be efficient for water and air
purification (Pera-Titus et al., 2004; Mahmoodi et al., 2006; Fujishima et al., 2007; Wang et al.,
2009). Heterogeneous photocatalyst implies the presence of reactants and photocatalyst in two or
more phases. The principle of the photocatalysis is a photoexcitation of a semiconductor solid
which results in the absorption of radiation but not in the near ultraviolet spectrum (Mohammadi
etal., 2011).
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It has many advantages compared to other processes such as (i) complete mineralization, (ii) no
waste disposal problem, (iii) low cost, and (iv) uses mild temperature and pressure conditions
(Fujishima et al., 2007).

A good semiconductor material near UV irradiation may be excited by high energy photons
equal to its band gap to produce electrons in the conduction band and in the valence band holes.
These charge carriers are able to produce reduction or oxidation that can react with water and
organic pollutants (Mohamed, 2011). The positive holes left in the valence band are oxidative
and can react with hydroxyl ions to form hydroxyl radicals (Mills and McFarlane, 2007; Gaya
and Abdullah, 2008).

2.34.1. Semiconductors Photocatalysis

Recently, the use of semiconductors in the photocatalysis process has attracted much attention in
the resolution of environmental problems. Semiconductor photocatalysts are substances which
accelerates a chemical reaction by absorption of light which can be solar light, UV light, visible
light etc (Kaur, 2010; Gupta et al., 2012; Ibhadon and Fitzpatrick, 2013).

A semiconductor is a solid material which has electrical conductivity between that of a conductor
and insulator. An example is shown in Figure 2.3. In a semiconductor electronic structure
characterized by a filled valence band and empty conduction band, the energy difference
between the valence and conduction band is called the band gap energy (Eg) (Linsebigler et al.,
1995). When the surface of the semiconductor is irradiated with a photon which has an energy
equal or greater to its band gap, electrons seated at the valence band are excited and move to the
conduction band by leaving the holes in the valence band (Fox and Dulay, 1993; Linsebigler et
al., 1995; Hoffmann et al., 1995; Bahnemann, 2004; Mohamed, 2011).
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Figure 2.3: Band gap comparison (Mohamed, 2011)

Semiconductor photocatalysts over other chemical oxidation methods are more effective due to
some advantages such as being inexpensive and can mineralize different organic compounds.
Based on the literature, semiconductors such as TiOz, WOs, Fe;O3, ZnO, and metal
chalcogenides CdS and ZnS which have photocatalytic properties (Salem et al., 2003; Rodriguez
and Fernandez-Garcia, 2007) have been used as photocatalysts. Table 3 shows some common

semiconductors employed as photocatalysts, their band gap energies and absorption wavelength.

Table 3: Band gap energy and absorption wavelength of commonly used semiconductors
(Stumm, 1992)

Semiconductor Ebg (eV) A (nm)
Fe203 2.3 539
TiOz2 (rutile) 3.0 413
TiO2 (anatase) 3.2 388
WOs3 2.8 443
ZnO 3.2 388
CdsS 2.42 512
ZnSs 3.6 344
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Recently, research in photocatalysis has focused on better understanding of the oxidative
degradation principles of organic pollutants in the aqueous phase. The use of semiconductor
photocatalysts for pollutant reduction in water and air has been attractive owing to their unique
advantage over conventional treatment methods as it presents a “green treatment” approach with
a complete mineralization of organic pollutants into CO2 and H2O using photonic energy (Rao et
al., 2003a; Zhao and Yang, 2003; Herrmann et al., 2007)

Researchers struggled to find an appropriate semiconductor photocatalyst in the field of
photocatalysis due to specifc requirements. A good photocatalyst must have an energy band gap
higher or equal to 2.4 eV, be photostable, chemically and biologically inert, easy to be formed

and highly photoactive.

However, amongst the semiconductors used, TiOzhas been proven to be the most suitable and
efficient for the removal of organic pollutants in water (Fernandez et al., 2004; Sim et al., 2005).
Mills et al. (1993), Gogate and Pandit (2004), Malato et al. (2007) used titanium dioxide because
of its chemical, biological inertness and stability with respect to photocorrosion, non-
carcinogenicity, non-toxicity, low cost and its anatase phase has the best catalytic performance

and degradation efficiency.

2.3.4.2. Photocatalysis

Photocatalysis results in the modification of the rate of a photoreaction by using a light source. It
is a chemical reaction which involves firstly a catalysed photolysis where the light is absorbed by
the substrate and secondly a photogenerated catalysis where the photocatalytic activity depends

on the ability of the catalyst to create electron-hole pairs, which generate reactive radicals

(mainly hydroxyl radicals (OH")) (Kaur, 2010).

2.3.4.2.1. Principle and Mechanisms of Photocatalysis

The photocatalysis principle is simple and may follow two simultaneous reactions: oxidation
from the photogeneration hole and reduction from the photogenerated electron (Saravanan et al.,
2017). The full explanation of photocatalytic degradation of organic pollutant by a
semiconductor photocatalyst has been reviewed by several authors (Kaur, 2010; Zorba,
2015;Gnanaprakasam et al., 2015; Saravanan et al., 2017). Figure 2.4 shows the schematic

representation of the semiconductor photocatalytic mechanism.
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Figure 2.4: Schematic representation of semiconductor photocatalytic mechanism (Saravanan et
al., 2017)

The surface of the photocatalyst is illuminated by a photon which has energy equal to or higher
than the band gap energy (Eng) of the catalyst. When the photon is absorbed it creates a charge
separation due to promotion of electrons from the valence band of the semiconductor catalyst to
the conduction band by leaving holes in the valence band. However, this hole in the valence band
can react with a molecule of water to produce hydroxyl radicals which can degrade the organic
pollutant.

On the other hand, electrons seated in the conduction band can also react with different species

present in the solution such as oxygen absorbed on the photocatalyst surface or/with the dissolve

O to give superoxides radicals (O2"); then the superoxide radicals can react with molecules of

water (H20) to produce hydroperoxy radicals (HO2) and hydroxyl radicals (OH’) known as the
strong oxidizing agents for the decomposition of organic pollutants. Finally, hydroxyl radicals
(OH") will oxidize the organic molecule to carbon dioxide and water. In the meantime, the

electron-hole pair recombination can take place and this reduces the photocatalytic activity of the
photocatalyst (Saravanan et al., 2017).
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There are several organic pollutants treated by photocatalysis degradation using different
semiconductor photocatalysis. Ku et al. (1996) investigated the decomposition of 2-chloropbenol
in aqueous solution by UV/TiO, oxidation process under various solution pH values, light
intensities and types of TiO2. The removal of 2-chlorophenol was highly dependent on solution
pH. The highest percentage degradation was obtained at an adequate catalyst dosage. Priya and
Madras (2006) investigated the photocatalytic degradation of nitrobenzene with synthesized
nano-TiOz and P 25 under UV irradiation. The photocatalytic degradation followed the pseudo-
first-order kinetics and the highest degradation was obtained with nano-TiO> compared to P 25.
Chiou et al. (2008a) studied the degradation of phenol under UV irradiation TiO2.They observed
that the degradation of phenol increased with UV/TiO> compared to the commercial TiO2. An
addition of H20. improves the degradation efficiency of phenol. On the other hand the
degradation of 2,4- dichlorophenol under UV irradiation was investigated by Gaya et al. (2010)
using ZnO nanoparticles. Parameters such as pollutant concentration, pH, and catalyst dosage
were investigated. A higher degradation was obtained with a catalyst dosage of 1.5 g It with 50
ppm of 2, 4- dichlorophenol. Benhebal et al. (2013) investigated the photocatalytic degradation
of phenol and benzoic acid under UV irradiation. Key parameters such as pH, catalyst dosage,
and pollutant concentration were investigated. A maximum degradation of 69.75% for phenol

and 67.98% for benzoic acid was obtained after 120 min.

2.4, Doping

Doping is the combination of pure nanoparticles with a dopant to obtain the doped nanomaterial.
Dopant materials can improve the efficiency of the photocatalyst in multiple ways by: bringing a
change on the band gap of the semiconductor (Sathishkumar et al., 2013), forming a level of
impurity (Cao et al., 2013), creating oxygen vacancies (Wu et al., 2010), giving unique surface
area for the adsorption of organic molecules and acting as an electron trapper (Barakat et al.,
2014). There are two ways of doping, interstitial and substitutional. In the interstitial way, the
radius of the doped ion is smaller than the radius of the lattice ions or lattice space which allows
the crystal cell of the metal oxide surface to be pierced by the doped ion. On the other hand,
substitutional doping occurs when the dopant replaces the lattice ion or lattice oxide (Cao et al.,
2013).
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Moreover it has been noticed that a doped ion incorporated into the catalyst crystal lattice can
modify the electronic property of the synthesized nanocatalyst and enhance its adsorption in the
visible region (Tian et al., 2008; Pouretedal et al., 2009a;Tian et al., 2009; Cao et al., 2013).

Semiconductor materials such as nanoscale metal oxides and chalcogenides have been
investigated due to their various shapes (spherical, cubic, hexagonal, triangle, square etc.),
properties and applications (photocatalysis, photoluminescence, sensors, antimicrobial and
more). Researchers sought to improve the semiconductor materials via incorporation of dopant
materials. Doping may be carried out using one or more dopant ions (co-dopant) (Boxi and Paria,
2014).

The effect of doping on a photocatalyst activity is determined by a number of factors: initial
concentration of pollutants, physico-chemicals properties of the catalyst, type and concentration
of the dopant. If the dopant concentration is higher than the optimum concentration of doping
value, the photocatalytic activity decreases. This results in the decrease of surface area of the
catalyst and narrows the space charge region and the penetration of radiation light on the
photocatalyst surface which may be more than the space layer. Thus, the recombination of

electron hole pairs will happen easily (Xu et al., 2002; Gnanaprakasam et al., 2015).

Doped materials can behave as an electron-hole pair recombinator when the distance between the
trap sites is reduced with the increase of doping particle concentration and leads to decrease in
the photocatalytic activity of a nanocatalyst (Chen et al., 2008). A semiconductor can be doped
with a transition, non-metal, metal, alkaline earth metal or a noble metal. The use of noble metals
such as Ag, Pt and Au as doping agents has attracted attention due to their capacity to scavenge
photogenerated electrons and to promote electron hole pair separation in the photocatalysis
process, thereby enhancing the photocatalytic activity of the semiconductor (Awazu et al., 2008;
Yu et al., 2010) and finally by improving the adsorption of organic pollutants on the
phototocatalyst surface (Kumar et al., 2010). The choice of silver nanoparticles as a dopant has
become attractive amongst the other noble metals due to its catalytic activity, size, shape-
dependent optical properties, as well as its promising use in chemical and biological sensing in
surface enhanced Raman scattering (SERS) and metal fluorescence (MEF), localized surface
Plasmon resonance (LSPR) and its antibacterial activity (Bechambi et al., 2015). In addition,

silver is one of the cheapest noble metals.
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2.4.1. Metal Oxide Semiconductors

Metal oxides such as TiO., PbO, ZnO, CdO, Fe;O2 and CeOzhave been studied in several
photocatalysis applications. However, amongst the metal oxide semiconductors applied in
photocatalysis, TiO2 and ZnO have proven to be the most suitable for environmental purposes

such as water treatment (Gnanaprakasam et al., 2015). Thus, these two shall be discussed below.

2.4.1.1. Titanium Dioxide

Titanium dioxide (TiO2) exists in three different polymorphs in nature, namely, anatase phase
(tetragonal), rutile phase (tetragonal) and brookite phase (orthorhombic) (Bakardjieva et al.,
2006). Amongst these phases, anatase and rutile phases are widely used in photocatalysis as
compared to brookite which is not photoactive. Both phases have the same crystal structure but
differ in their distortion of each octahedron and by assembly patterns of their octahedral chains.
In addition, the difference in the lattice structure is based on their density (Ullattil and Periyat,
2017). The structure of TiO- in the three phases are shown in Figure 2.5.

The anatase conduction band is 0.2 eV higher than that of rutile (Kawahara et al., 2002). Their
photocatalytic efficiency is brought about by their band gap differences (3.2-3.3 eV for anatase
and 3.0 - 3.1 eV for rutile).

Anatase Rutile Brookite
form is tetragonal form is tetragonal form is orthorhombic
3.9 gm/cm? 4.23gm/cm3 4.13gm/cm?
a=b=3.7710A and a=b=4.5933Aand a=9.18A,b=5.447A
¢=9.430A c=2.9592 A andc=5.145 A
n=2.5612 n= 2.605 n= 2.5831

Figure 2.5 : Crystal structures of TiO2 (Sankar and Gopchandran, 2009)
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TiO2 has been judged as an excellent semiconductor photocatalyst due to its low cost, non-
toxicity, chemical stability and ability to possess high photocatalytic activity (Elsalamony and
Mahmoud, 2017). Its wide band gap (3.2 eV for anatase and 3.06 eV for rutile) makes it to use
just 5% of the solar spectrum. Moreover, the pure TiO2 has a high rate of recombination of
electrons-holes. It has been reported that the photocatalytic efficiency of TiOzcan affect its
morphological and structural characteristics (Linsebigler et al., 1995). However, to overcome
these limitations, researchers came up with a novel approach by doping semiconductors with
metals or metal oxides. This approach has double effects:

I.  To reduce the catalyst band gap, increasing the wavelength range of the
semiconductor and thus shifting it into the visible region.

ii. To delay the rapid electron-hole pairs recombination by increasing the
charge trapping.

Doping TiO2 with a noble-metal such as Ag improves its photocatalytic activity by reducing the
rapid recombination rate of photogenerated electron-hole pairsand in some cases, increases the
adsorption surface area. In some studies, Ag doped TiO, has been found to enhance its

antibacterial activity (Boxi and Paria, 2014).

Ilyas et al. (2011) reported on the photocatalytic degradation of nitro-and chloro-phenols using
doped and undoped titanium dioxide nanoparticles. The study showed that higher percentage
degradation was obtained for both groups of pollutants in the range of 83 and 96 - 99%,
respectively by doping Ag with TiO2. Cao et al. (2008) studied the preparation of Ag doped TiO>
nanoparticles for photocatalytic degradation of acetamiprid in water; according to the results Ag
added to TiO2 nanoparticles improved its photocatalytic activity and the photocatalytic

degradation of acetamiprid.

Several methods have been reported for the synthesis of Ag-TiO2 nanoparticles. These include
Liquid Impregnation (LI) (llyas et al., 2011), photodeposition (Parastar et al., 2013, Kumar et al.,
2015), solvothermal method (Wu et al., 2012) and sol-gel (Saravanan et al., 2018, Nainani et al.,
2012, Cao et al., 2008).
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2.4.1.2. Zinc Oxide

Zinc Oxide (ZnO) is a versatile semiconductor of 11-VI group with a wide band gap of 3.37 eV,
and large excitonic binding energy of 60 meV at room temperature (Shah et al., 2014). ZnO
exists in nature in two forms, wurtzite and blende (Figure 2.6). ZnO nanocrystalline material has
attracted a great interest for its unique optical, chemical and electronic properties and potential
applications in several fields including: light emitting diodes, solar cells, transparent electronics,
chemical sensor and spintronics (Nomura et al., 2003; Pearton et al., 2004). All of these make it
an ideal nanocrystalline material in the field of nanotechnology (Chauhan et al., 2010).

(a) (b)

Figure 2.6: ZnO crystal structures: a) blende, b) wurtzite (Mohamad et al., 2017)

The semiconductor ZnO has widely attracted researchers due to its low cost, high chemical
stability, and mass production. In addition, ZnO has won much attention in the photocatalytic
degradation process and mineralization of pollutants in the environments. It absorbs more light
quanta, generates high oxidizing power holes, highly efficient photocatalysis in acid and basic
medium and attracts an extensive variety of solar powered light range compared to other oxide
semiconductors (Jang et al., 2010; Wu et al., 2010). However, due to its high surface activity,
crystalline nature, morphological features, and texture, ZnO nanoparticles are considered as the
most favorable catalyst for the degradation of organic pollutants. The high recombination rate
electron-hole pair is one of the problems of ZnO because it reduces the degradation efficiency of
organic pollutants (Yildirim et al., 2013).
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In order to solve these limitations, the combination of a transition metal doping or a deposition of
noble metal such as Ag to the semiconductor catalyst was found to improve the photocatalytic
activity efficiency of synthesized nanoparticles, surface defects and the optical properties of ZnO
(Bechambi et al., 2015).

Further, doping ZnO with Ag can also delay or avoid the fast recombination of e/h* pairs
produce during light illumination. This allows the hole to migrate along the catalyst surface for
oxidizing the absorbed organic molecules (Chen et al., 2004). Recent investigations have been
done for photocatalytic application using ZnO modified with metal ion such as palladium, gold,
Cu and Ag (Singh et al., 2017).

2.4.2. Chalcogenides Semiconductors
Compounds consisting of at least one chalcogen atom (selenides, tellurides, sulfides) and one of
electropositive element such as CdS, ZnS, CdSe, WSz, Wo0S, and ZnSe have attracted great
attention in recent years. Their shape, size and optical properties makes them suitable for
multiple applications such as electroluminescence devices, gas sensor, laser, infrared detectors,
photocatalysis and more (Boxi and Paria, 2014).

Zinc sulphide (ZnS) is one of the chalcogenides that has been investigated in photocatalysis
application due to its remarkable properties compared to other metal sulfides. A zinc sulphide
(ZnS) semiconductor has a band gap of 3.6 eV and large exciton-binding energy (~40 meV)
(Boxi and Paria, 2014). It exists in two different phases: cubic phase (Blende) or spherical and
hexagonal phase (Wurtzite) with a band gap of 3.66 eV and 3.67 eV at room temperature,
respectively. Their structures are shown in Figure 2.7. ZnS cubic phase has been determined as
the most stable phase in the bulk and can be transformed in wurtzite phase at temperature

1020°C. The both polymorphs are used in industrial applications (Ramasamy et al., 2012).
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zinc blende Wurtzite

Figure 2.7: ZnS crystal structures (Kaur, 2010)

Zinc sulphide (ZnS) is the only chalcogenide which can behave as n-type and p-type
semiconductor contrary to other 11-VI semiconductors. ZnS nanoparticles attracted attention due
to their unique properties compared to the bulk material, their quantum size effect and surface
defect (Ramasamy et al., 2012). In addition, ZnS is interesting due to properties such as the polar
surface, good thermal stability and high electronic mobility. As a result, it has used in many
applications such as light-emitting devices, anti-reflecting coatings, and bio-electronics,
photoluminescence and photoconductor (Sivakumar et al., 2014).

Most of the studies on nanoparticles have focused in its luminescence application such as
photoluminescence (PL), electroluminescence (EL) and cathodoluminescence (CL).However its
photoluminescence properties allow it to have fluorescence emission in the UV region, but the
emission can be done in the visible region by adding a suitable doping ion. In this case the
dopant acts as recombination centres for the excited electron-hole pairs and a strong

luminescence in visible region can take place (Ramasamy et al., 2012).

ZnS nanostructures have been widely proposed by researchers in photocatalytic application to
resolve wastewater problems caused by organic pollutants discarded by industry and
municipality because of their unique properties, such as high chemical stability, non-toxicity,
surface polarity, high electronic mobility, good thermal stability and being environmentally
friendly (Viswanath et al., 2014). It is also a good photocatalyst due to its rapid generation of e’
/h* pair and highly negative reduction potential of excited electrons (Madkour and Al Sagheer,
2017).
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In addition to this, ZnS has attracted attention due to its photocatalytic properties which does not
occur only in the photoreductive phase by involving the formation of H, from water and
photoreduction of CO- but also in phototransformation of organic pollutants (Kaur, 2010; Abbasi
et al.,, 2017). However, its large band gap, rapid rate of oxidation and reduction in the
photocatalytic activity limits its practical application in photocatalysis (Madkour and Al Sagheer,
2017).

In order to improve its photocatalytic efficiency, the problem of rapid photogenereated electron-
hole pairs recombination must be resolved. In the past researchers tried to improve the
absorption of ZnS in the visible region by introducing an impurity (dopant ion); hence the result
is an enhancement of its photocatalytic efficiency. Several reports have been made on the
enhancement of photocatalytic efficiency of ZnS by combining metal or non-metal by using
different techniques. For instance, Fe (Li et al., 2011), Cr (Eyasu et al., 2013), Ni (Jothibas et al.,
2018), transition metal (Mn, Co, Ni, Cu, Ag and Cd) doped ZnS (Ramasamy et al., 2012), as

well as ZnS doped Pb (Borse et al., 2006) were synthesized using chemical precipitation.

2.4.3. Parameters Influencing the Photocatalytic Activity of Semiconductors
Photocatalysts.

During the photocatalysis process, the oxidation rates and efficiency of the photocatalytic
system are dependent on a number of parameters that govern the photodegradation of the organic
pollutants (Gnanaprakasam et al., 2015). The following parameters play an important role in the

semiconductor photocatalytic activity.

2.4.3.1. Crystal Composition and Catalyst Type

Structural and surface properties of semiconductors such as particle size distribution, crystal
composition, surface area, band gap and surface hydroxyl density, play important roles in the
activity of a photocatalyst semiconductor. The average crystal size is one of the most significant
parameters in heterogeneous catalysis. It determines the efficiency in catalysis for studies dealing
with degradation of organic compounds such as phenolic compounds and dyes in wastewater
using some commercial catalyst. Presently, most of the research is focused on enhancing the

photocatalytic activity of synthesized catalysts (Mai et al., 2008).
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Luo et al. (2007) studied the degradation of methyl orange with synthesized rutile phase of
titanium and the P25 rutile under visible light. After 2 hours of irradiation, the photocatalytic
degradation of methyl orange was 94.85% for P25 rutile and 82.33% for the rutile titanium.
However, it was observed that the particles sizes of the catalysts were smaller for the P25 (30nm)

compared to the rutile titanium (70-90 nm).

The photocatalytic degradation rate efficiencies of acridine orange have also been shown to be
higher for ZnO compared to TiO> and CdS (Pare et al. (2008). The lower degradation rate
efficiency was attributed to its smaller band gaps. Similarly, ZnO exhibited higher efficiencies
compared to TiO; anatase, ZnS, SnO», Fe;O3 and CdS for the degradation of Acid red 18 under
UV irradiation (Sobana et al., 2006; Sobana et al., 2008). Insignificant activities were recorded
for SnO2, Fe>03, CdS and ZnS for Acid Red 18 decolourization due to their smaller band gap
which permits rapid recombination of hole and electron. Several other studies have also shown
that ZnO is an important competitor of TiO2 and it is sometimes preferred because of its higher

photon adsorption (Mohabansi et al., 2011; Kalnaowakul et al., 2017).

2.4.3.2. Catalyst Loading Effect

The initial mass (m) of catalyst is proportional to the rate of reaction (Vaidya and Mahajani,
2002; Shankar et al., 2004). It has also been observed that as the mass increases, the reaction rate
becomes independent of the mass at a point or after optimum mass. The increase of catalyst
loading results in increase in surface area and consequently active sites, and hence the rate of
photocatalytic degradation (Zanta and Martinez-Huitle, 2009; Liu et al., 2010).It is important to
ascertain the optimum mass of a photocatalyst for effective degradation in order to avoid waste
of resources leading to increase in the opacity and increased light scattering, reduction of the
photons on the photocatalyst surface and the agglomeration of the nanoparticles which will

reduce the number of active sites (Zhang and Lei, 2008).

2.4.3.3. Calcination Temperature

Calcination temperature has a strong effect on the crystal size, crystal structure and optical
properties of a prepared photocatalyst (Liang et al., 2007). The synthesis of photocatalysts
sometimes involves higher calcination temperatures to transform the amorphous phase to a
crystal structure, possibly resulting in particle growth and increase in surface area and

photocatalytic efficiency than the original particles.
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Several studies have investigated the dependence of photocatalytic activity on reaction
temperature (Ahmed et al., 2011). For instance, Pecchi et al. (2001) studied the effect of
calcination temperature on the photocatalytic degradation of pentachlorophenol using the sol-gel
method under different pH. They observed that increasing the calcination temperatures resulted
in a decrease of particle size and surface area. When the calcination temperature was increased
from 300 to 500°C at pH 3 and 5 the degradation rate increased from 300 to 500°C. Cun et al.
(2002) reported the photocatalytic degradation of methyl orange using calcined at different
temperatures; 600°C was found to be the optimum temperature for the degradation of methyl
orange. Shi et al. (2009) studied the preparation, characterization and photocatalytic activities of
holmium doped titanium dioxide nanoparticles. They observed that there was a shift of

absorption to a longer wavelength (red-shift) with increase of calcination temperature.

V dopedTiO2 nanoparticles with enhanced photocatalytic activity under visible light were studied
by (Tian et al., 2009). They observed that increasing of calcination temperature changed the
phase of TiO> from anatase to rutile phase. Like other researchers they noticed that the anatase
phase has a higher thermal stability than the rutile phase (Zhou and Smith, 2002; Shi et al.,
2009). The anatase phase has a low recombination of election-hole pair and easily absorbed
organic molecule compared to the rutile phase.

2.4.34. Initial Substrate Concentration and Type

The investigation of the efficiency of a photocatalyst, the effect of the initial substrate
concentration may give an idea of the efficacy of the photocatalyst at different concentrations. It
has been reported that the high initial substrate concentration leads to a reduction of the

photocatalyst degradation efficiency due to adsorption of many molecules on the photocatalyst
surface resulting in unavailability of catalyst surface to produce OH' radical (Ahmed et al.,

2010). Moreover, increasing the pollutant concentration decreases the number of photons
absorbed on photocatalyst surface which reduces the excitation of e” from the valence band to the
conduction band. Several studies have shown that increasing initial substrate concentration
reduces the degradation efficiency of the photocatalyst (Bahnemann et al., 2007; Gaya et al.,
2010; Jothibas et al., 2018; Kotlhao et al., 2018a).
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This trend has been reported for several pollutants including azo dyes, phenol, m-nitrophenol,
amido black dye, 4-chlorophenol, Chromotrope 2B, 2-chlorophenol,2,4- dichlorophenol, 2,4,6-

trichlorophenol, chrysodine Y, amaranth, xylenol orange, and acridine orange (Sauer et al., 2002)

2.4.35. pH Effect

pH in the photocatalytic degradation process plays an important role in the preparation of the
catalyst. The pH of the solution influences the adsorption and dissociation of the substrate
photocatalyst surface charge, the oxidation potential of the valence band (Shankar et al., 2004;
Venkatachalam et al., 2007) check all your references and put the older one first- arrange them
from oldest to newestand physicochemical properties of the system. According to Nerst’ law
varying the pH of solution, tends to shift the energy of the valence band and conduction band
edges by 0.059 per pH at ambient temperature (25°C) (Hoffmann et al., 1995).

Increasing the pH beyond the isoelectric point of a nano-photocatalyst leads to limiting the
presence of negative charge at the photocatalyst surface. On the other hand, when the pH is
reduced the positive charge (H") is dominant at the photocatalyst surface (Zhang et al., 2007).
The amphoteric behaviour of the semiconductor and the charge surface of the photocatalyst are
affected by the pH values around its point zero charge. For example, TiO2 behaviour follows the

following equation (Zhang et al., 2007)
pH< pzc TiIOH+H* — TiOH," (@)
pH> pzc TIOH+OH — TiO + H20 2
Zhu et al (2005) investigated the point of zero charge of TiO2 which is equal to 6.25.

Ba-Abbad et al. (2017) investigated the photocatalytic degradation of 2-chlorophenol under solar
light using ZnO under different pH conditions. They observed lower degradation efficiency at
pH< 6 due to the high concentration of protons on the ZnO surface. However, an increase of pH
up to 6 increases degradation efficiency, due to the lower concentration of photons which react
with hydroxyl ions. Furthermore, a decrease of degradation efficiency was observed when the
pH was above the optimum pH value (pH = 9) because of the charge repulsion with an excess of
negative charge on the catalyst surface. Similar observations were made by other researchers
(Akbal and Onar 2003; Chiou et al., 2008b and Prado and Costa, 2009).
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On other hand Kotlhao et al. (2018a) studied the photocatalytic degradation of selected
chlorophenol and in their study the effect of pH in the range of 4, 8 and 11 was investigated. The
highest percentage degradation was obtained at pH = 11, because the hydroxide ions became
predominant and the generated hole could interact with hydroxide ions for the production of
hydroxyl radicals which would oxidize the organic molecules. Similar observation was made by
(Devadi et al.; 2014).

2.5. Synthesis Method for Doped Nanoparticles.

Several processes have been employed for the production of doped and undoped TiO2, ZnO and
ZnS nanoparticles. These include deposition method, solvothermal, chemical precipitation and
sol-gel methods. Here, the choices of the sol-gel and chemical precipitation methods will be

discussed.

2.5.1. Sol-gel Method

The sol-gel process involves the transformation of a solution from a liquid “sol” into a solid
“gel” phase. In this method, the precursors are usually inorganic metal salts or metal organic
compounds such as metal alkoxide. The process involves two steps: (i) hydrolysis, and (ii)
condensation. In hydrolysis, the precursor is hydrolyzed first to produce a hydrated metal
hydroxide. Then the hydrated metal hydroxide can produce an oxo bridge (-M-O-M) by
condensation and the sol can be formed. The wet gel is obtained after allowing the sol to age,
followed by drying and heating (Nachit et al., 2016). Since 1971, the sol-gel method has been
mainly used for synthesis and was applied in the production of multiple doped oxide component
such as Ni (Caratto et al., 2012), Mg (Ansari et al., 2015), Cu (Yang et al., 2015), Co (Ba-Abbad
et al., 2016), Ba (Yang et al., 2018) doped ZnO; Ag, Au and Pt (Karmaoui et al., 2017) doped
TiO..

The sol-gel has been widely applied for the synthesis of TiO> nanoparticles. It allows photo-
induced molecular reactions to take place on a titanium dioxide surface due to its simple process,
low temperature chemical method, chemical homogeneity, low requirements for the substrates,
stoichiometric control, high purity of the product and ease of dopant introduction (Liang et al.,
2018).

A typical reaction scheme is written as follows:
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a) Hydrolysis

Ti-OR + H,0 — Ti-OH + R-OH 1)
b) Condensation

Ti-OH + RO-Ti — Ti-O-Ti+ R-OH )
Ti-OH +HO-Ti — Ti-O-Ti+H,O0 (3)

R in the equation may represent ethyl, i-propyl or n-butyl groups (Yahaya et al., 2017).
However, a titanium precursor is often diluted with an organic solvent before addition of water.

This is to reduce the reaction rate of the hydrolysis process.

2.5.2. Chemical Precipitation method

The chemical precipitation method is a reaction that occurs between two aqueous solutions of
anions and cations which combine resulting in the formation of an insoluble substance (Kaur,
2010). The method takes place in three steps which are nucleation, growth, and agglomeration.
In this process both the soluble and insoluble salts react together to give a precipitate reaction in
aqueous phase; the formed particles are called the embryos. After the liquid reaction, there is a
formation of solid particles in the growth step. The growth step is when the embryos are diffused
to the nuclei surface and finally the formation of large size nanoparticles take place due to the

agglomeration.

Chemical precipitation has been used for the synthesis of a variety of doped nanomaterials such
as Mn, Co, Ni, Cu, Ag and Cddoped ZnS Nanoparticles (Ramasamy et al., 2012); for example,
Ni doped ZnO (Udaykumar et al., 2012), Mn doped ZnS (Chandrasekar et al., 2015), Co (Devi
and Velu, 2016); Ag doped ZnO (Gayathri et al., 2015). This method has some advantages over
other synthesis methods. The method is simple to operate, less time consuming, inexpensive,
high yield process, size controllable, and inhibit the agglomeration of particles. However, it is

suitable for the synthesis of ZnS and ZnO nanoparticles (Boxi and Paria, 2014).
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Chapter 3: Methodology
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3.1. Materials and Method of Preparation

3.1.1. Chemicals and Materials

3.1.1.1. Chemicals
Chemicals used for this study include zinc acetate, zinc nitrate, silver nitrate, titanium-
(triethanolaminato) isopropoxide, 2-chlorophenol, sodium hydroxide, ethanol, sodium sulphate,

methanol, 2-clorophenol, distilled water and hydrochloric acid

3.1.1.2. Materials
Beakers (250 mL), thermometer, stirring hotplate, 250 mL three-neck flasks, volumetric flask
(100 mL and 50 mL), pH meter, furnace, oven, centrifuge, syringe, 0.45 um filter, vacuum

pump.

3.1.2. Preparation of Solutions

Stock solution preparation: 2-chlorophenol stock solution (500 ppm) was prepared by pouring
390 pl of 2-chlorophenol into a 500 mL volumetric flask and dilute with distillated water to 500
mL line. The solution was kept in the fridge and covered with a foil to avoid light penetration.
Various concentrations (5, 10, 20, 30, 40, 50, 60, 70 and 80 ppm) were prepared from the stock

solution

A buffer solution of 0.1M HCI and NaOH were prepared for the purpose of controlling the pH of
the solution during the photocatalytic degradation experiments.

3.2. Methods used for the Preparation of Nanoparticles

3.2.1. Sol-gel Method for the Synthesis of Undoped TiO2Nanoparticles

The undoped titanium dioxide nanoparticles were synthesized by the sol-gel method. Titanium
dioxide nanoparticles were obtained by taking 4.5 mL of titanium isopropyl oxide and 21 mL of
ethanol were mixed with 3.5 mL of distilled water. The solution was stirred at 3500 rpm in a 250
mL beaker flask at room temperature for 4 hours. During the stirring a white gel was formed
(titanium dioxide nanopowder), that was washed twice with deionized water and ethanol, then

dried overnight at room temperature. The white powder was calcined at 500°C for 1 hour.
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3.2.1.1. Preparation of Ag Doped TiO2 Nanoparticles

The Ag doped TiO2 nanoparticles were synthesized by the sol-gel method. A 4.5 mL of titanium
isopropyl oxide and 21 mL of ethanol were dissolved in 3.5 mL of distilled water followed by
AgNOswith the molar ratios of Ag equal to 1%, 3% and 5%. The solution was stirred at 3500
rpm in a 250 mL beaker at room temperature for 4 hours. During the stirring a white gel that was
formed was washed twice with distillated water and ethanol and dried overnight at room

temperature. The obtained doped nanoparticles were calcined at 500°C for 1 hour.

3.2.2. Synthesis of Undoped ZnO Nanoparticles.

The undoped ZnO nanoparticles were synthesized by chemical precipitation. In a typical
synthesis process, 0.1M solutions of Zn(NOz)2.6H-O and NaOH were prepared separately in 100
mL volumetric flask filled to the mark with deionized water. Sodium hydroxide was added
dropwise into a vigorously stirred zinc nitrate solution in (1:2) ratio. The mixture was stirred at
(4000 rpm) for 2 hours after addition of sodium hydroxide solution to obtain the white colored
zinc hydroxide precipitate. After obtaining the precipitate, the reaction was allowed to settle
overnight and the clear liquid on top (supernatant) was then discarded. The precipitate was
washed 3 times with distilled water and ethanol and centrifuged at 5000 rpm to get the final

product.

The white powder then was dried in an oven at 110°C for 2 hours and calcined at 500°C for 1
hour using a muffle furnace. During the calcinations process, there was a complete conversion of
Zn(OH)2 into ZnO.

3.2.1.1. Preparation of Ag Doped ZnO Nanoparticles

To synthesize Ag doped ZnO nanoparticles a chemical precipitation method was adopted. In a
typical synthesis process, 0.1M solutions of Zn(NOz)2.6H20 and NaOH were prepared separately
in 100 mL volumetric flask filled to the mark with deionized water. Sodium hydroxide was
added dropwise into a vigorously stirred zinc nitrate solution in (1:2) ratio. The mixture was
stirred at (4000 rpm) for 2 hours after addition of all the sodium hydroxide solution. A white
colored zinc hydroxide precipitate was obtained. The AgNO3 with various molar ratios of Ag

equal to1%, 3% and 5% was added drop by drop into Zinc hydroxide precipitate.
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A brown precipitate was obtained; the reaction was allowed to settle overnight and the clear
liquid on top (supernatant) was then discarded. The precipitate was washed 3 times with distilled
water and ethanol and centrifuged at 5000 rpm to get the final product. The brown powder was
dried in an oven at 110°C for 2 hours and calcined at 500°C for 1 hour using a muffle furnace.

Then 1%, 3% and 5% Ag-ZnO nanoparticles were obtained.

3.2.3. Synthesis of Undoped ZnS Nanoparticles

The synthesis of undoped ZnS nanoparticles was processed by chemical precipitation. Zn
(CH3CO0),.2H20 (5.48g (0.5 M)) in aqueous (50 mL) was stirred magnetically at 80°C in a
three neck flask until a homogeneous solution was obtained. An amount of 2.75 g of Na>S was
dissolved in 50 mL of deionized water; the mixture was added dropwise to the zinc acetate
solution under vigorous stirring. During the addition of NazS, a white precipitate appeared; the
mixture was allowed to stir for 30 min at 80°C at 60 rpm. The mixture was washed, centrifuged 3
times with a mixture of water/ethanol in (1:2) ratio at 5000 rpm for 5 min and dried in oven at

80°C for 24 hours. The dried powder was calcined at 500°C for 1 hour using the muffle furnace.

3.2.3.1. Preparation of Ag Doped ZnS Nanoparticles

The synthesis of Ag doped zinc sulfide nanoparticles was processed by chemical precipitation.
Zn(CH3C00)2.2H,0 (5.48 g (0.5 M)) in aqueous (50 mL) was stirred magnetically at 80°C in a
three neck flask until a homogeneous solution was obtained. The Na>S solution was prepared by
dissolving 2.75 g of NazS in 50 mL of deionized water, the mixture was added dropwise to the
zinc acetate solution under vigorous stirring. During the addition of NazS, a white precipitate
appeared. An addition of AgNOs solution with different molar ratios of Ag equal to 1%, 3% and
5% was added in the ZnS nanoparticles. The mixture was stirred for 30 min at 80°C at 60 rpm
and a black precipitated was obtained.

The precipitated was washed, centrifuged 3 times with a mixture of water/ethanol in (1:2) ratio at
5000 rpm for 5min and dried in oven at 80°C for 24 hours. The dried powder was calcined at
500°C for 1 hour using the muffle furnace. Then 1%, 3% and 5% Ag-ZnS nanoparticles were

obtained.
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3.2.4. Particle Characterization

The physical and chemical characteristics of the synthesized nanoparticles were obtained using
many techniques. The size and the shape of the nanoparticles were observed under a
transmission electron microscope (TEM). The crystallinity of the synthesised nanoparticles was
recorded using X-ray diffraction (XRD) Philips (XPERT PROdiffractometer (Cu Ka radiation))
with a scanning rate of 0.017sec in the 26 range of 10° to 90°. The light absorbance properties and
the band gap of nanoparticles were determined by using UV-VIS spectroscopy (T80" UV),
luminescence properties of the particles was determined by Photoluminescence (PL) (FP-8600
spectrofluorometer). Fourier-transform infrared (FT-IR) spectra were recorded with a Perkin
Elmer FT-IR/ FT-NIR spectrometer (model 400).

3.3. Photocatalytic Degradation Process

3.4.1. Degradation of 2-chlorophenol without Catalyst

The photocatalytic degradation of 2-chlorophenol was performed with the photocatalytic reactor
system. The photocatalytic system is composed of a cylindrical pyrex reactor with a capacity of
400 mL containing a 16 W Ultra-violet light. A 16 W Ultra-Violet lamp was used as a UV
source. The photoreactor was filled with 300 mL of a specific concentration of 2-chlorophenol
varying from 50, 20 to 8 ppm. The solution was stirred and aerated using a vacuum pump for
oxygen supply and to allow the complete homogeneity of the solution. The suspension was
adjusted at specific pH (4, 7, and 10.5). The solutions were kept and stirred in the dark for 30
min to allow the adsorption and desorption equilibrium to take place. Then the UV light was
switched on for 150 min irradiation and 5 mL of aliquot was taken using a 0.45 pm filter
membrane at interval time of 25 min for analysis. The absorption was measured before and after

exposure to UV light at each time interval using T80* UV/VIS spectrometer.

3.4.2. Photocatalytic Degradation of 2-chlorophenol in the Presence of Catalyst

The photocatalytic activities of the synthesized undoped and silver doped TiO2, ZnO and ZnS
nanoparticles were studied by the photodegradation of 2-chlorophenol in an aqueous solute at
room temperature. A mixture of 300 mL of a specific concentration of 2-CP with a specific
catalyst dose was conducted in a photoreactor equipped with a 16 W Ultra-violet lamp. The
mixture was kept under stirring. The mixture was stirred for 30 min in the dark to allow the

adsorption and desorption equilibrium.
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Then the light was turned on to investigate the photocatalytic degradation process. A 5 mL
aliquot was taken out from the photoreactor using a 0.45 um filter membrane to avoid the
presence of the nanoparticles in the solution after each 25 min interval time. The absorption of
solution after and before irradiation was analyzed using a T80" UV/VIS spectrometer. The

percentage degradation was determined by the following formula.

Cz'_cr Ai—}lr
D=( )Xlﬂﬂor( )Xll]l]
C A

i i
Where Ci and A; are the initial concentration and initial intensity after the adsorption period and
Ctand A are the concentration and intensity at any time.
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Chapter 4: Results and Discussion
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4.1. Characterization of Pure and Ag Doped TiO2 Nanoparticles

4.1.1. UV-Visible Diffuse Reflectance spectroscopy (UVDRYS)

The optical absorption properties of pure TiO, and Ag doped TiO2 nanopowder calcined at
500°C were studied using the UVDRS spectrometer as shown in Figure 4.1. It was observed that
the band gap for the synthesized TiO> nanoparticles that was (3.42 eV) blue shifted from the
band gap of the bulk band gap of TiO, nanomaterial (3.2 €V). This blue shifting is attributed to
the reduction of the particle size. As shown in Figure 4.1. (a) Addition of Ag into the
nanoparticles showed a shift of the absorption edge at 350 nm towards a higher wavelength for
1%, 3% but a red shift through the visible region was observed at 5% Ag. In addition, a weak
broad peak with the absorption edge between 530 and 600 nm was observed in the spectrum as
the concentration of silver increased. This is can be attributed to the plasmonic resonance peak of

silver in Ag-TiO2 spectra. This is supporting by the research of Ozimek et al. (2016).

The energy band gap (Eg) was determined by using the Tauc equation by plotting the Kubelka
Munk function (F(R) hv') 2 versus the photon energy (hv) and extrapolating the Kubelka Munk
function. Where F (R) is the Kubelka Munk reflectance, and hv is the photon energy.

The bang gap energies of the synthesized nanoparticles were 3.42 eV (TiO>), 3.23 eV (1% Ag-
TiOy), 3.13 eV (3% Ag-TiOz) and 3.10 eV (5% Ag-TiO-). The result shows that addition of Ag
doped ion into the TiO2 nanoparticles reduced the band gap from 3.42 eV to 3.23 eV, and then
with an increasing of the amount of silver decreases to 3.10 eV for the 5% Ag doped. This may
result in improvement of their photocatalytic activity. This result was supported by the work of
Naraginti et al. (2015) which showed that Ag/Sr doped TiO2 nanoparticles exhibited a decrease
in the energy gap and wavelength (red shift) and the doped nanoparticles enhanced the

photocatalytic activity of the semiconductor.
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Figure 4.1: (a) Normalized UVDRS spectra, (b) Tauc plot of synthesized undoped and Ag doped
TiO2 nanoparticles

4.1.2 Photoluminescence (PL) spectroscopy
The emission spectra of pure TiO, and Ag doped TiO, are shown in Figure 4.2. Their

photoluminescence was investigated in the range of 200 - 900 nm and the spectra patterns are
shown in Figure 4.2. which shows the PL spectra of undoped and Ag doped TiO2 nanoparticles
with different amounts of Ag were excited at 325 nm. The PL emission spectra exhibited
emission peaks at a range of 360 -600 nm. A decrease in intensity was observed as the amount of
silver increased from 1 to 5%. This was attributed to the delay of electron-holes recombination,
and this is believed to improve the photocatalytic activity (Tryba et al., 2010).The PL results are
in agreement with UVDRS results because the red shift of the band gap observed in the UV after
doping with Ag confirmed the delay of the recombination e’/ h* species, which enhances the

photocatalytic activity of the photocatalyst.
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Figure 4.2: Normalized PL spectra of undoped and Ag doped TiO2 nanoparticles

4.1.3 X- Ray Diffraction (XRD) spectroscopy

The crystallographic structure and the crystalline size of the synthesized nanopowders were
determined by using XRD technique. The X-ray diffraction 26 peak was carried out between 10 -
80° for undoped and Ag doped TiO> calcined at 500°C as shown in Figure 4.3. The peaks at
37.51, 47.82, 55.03, 53.89, 62.40, 69.9 , 74.69and 76.33° were attributed to (004), (200), (211),
(105), (204), (220), (215) and (301) crystalline planes, respectively. This corresponded to
(JCPDS 06-083) card of the anatase phase of TiO.For the photocatalytic activity of the TiO», the
crystal and crystalline phase are important factors. It has been revealed that the crystalline
anatase phase is more active than the rutile and brookite phase (Lei et al., 2014). It was also
observed that the major [101] diffraction peak of the anatase phase increased in intensity and
shifted from 25.2 to 25.7 two theta after doping Ag to the nanomaterial and the width of the
[101] peak broadened. The broadness of the peak indicated that the particle crystalline or semi-

crystalline sizes are decreasing (Perumal and Gnana-Sambandam, 2014).
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There was no pure Ag peak in all the Ag doped TiO. samples which revealed that doping was
achieved through substitution mechanism. This can be attributed to the low concentration level
of the Ag used which was well dispersed on TiOz surface. This shows that Ag did not bring any
change to the phase crystallinity and the observation suggests that doping agent is probably sited
on the crystal surface (Perumal and Gnana-Sambandam, 2014). The average crystalline size was
calculated by using the classical Scherrer equation D = Ki/Scosé, where D is the crystallite size,
J is the wavelength of the X-ray radiation (Cu Ka-1 radiation=1.54060 A), K is the Scherrer
constant (usually taken as 0.9) for spherical shape, and g is the full width at half-maximum
height, & is the Bragg’s diffraction angle. It was observed that TiO2 has an average size of 15.62
nm and the crystalline size decreased up to 10.62 nm when Ag was added which could led to the
assumption that Ag-TiO- inhibited the particles growth. The difference in particles size could be
related to their radius ionic (Boxi and Paria, 2014).

(a) =l
o -
1000 — ¥ %
—N AT _.‘/\_‘
3 3 ™
= ”
2 2 i
¢
§ $
s £ 1%
200 N
0%
° __N
20 25 30 35 40 45 50 55 60 65 70 75 80 20 2 10 1% 0
2 Theta (dogres) 2 Theta (degree)

Figure 4.3: (a) XRD patterns of TiO>; the reference spectrum is 06-083 anatase phase, TiO2 and
1, 3 and 5% Ag doped TiO2 nanoparticles. (b) Enlarged regions of XRD patterns
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Table 4 : Crystallite size of TiO2 and silver doped TiO2 nanoparticles

Particles Particles size (nm)
TiO2 15.69
19%Ag-TiO2 10.40
3% Ag-TiOz 11.62
5% Ag-TiO> 11.00
4.1.4. Fourier Transform Infrared (FTIR) spectroscopy

The Fourier transform infrared (FTIR) spectroscopy of the pure TiO2 and Ag-TiO2 nanoparticles
were recorded in the range of 4000 - 400 cm™as shown in Figure 4.4. The peaks around 2982 cm’
1and 2993 cm™ correspond to C-H vibration mode of CH2 groups, the peak at 2982 cmwas
attributed to anti-symmetric and 2993 cm is attributed to symmetric mode of CH_; these organic
peaks are due to the remnants of organic solvent (ethanol) used for the sample preparation. The
peaks around 3679 cm™ are assigned to OH stretching vibration groups. This confirms the
existence of free hydroxyl groups in all prepared samples; it has been reported that doping can
improve the surface state of the material and may also generate more surface OH groups (Lei et

al., 2014). It has been observed previously that the materials with more surface hydroxyl groups

are more conducive for the production of OH' radical and improves the photocatalytic activity.

The sharp peak at 1063 cm™ for pure TiO, became more intense and shifted when silver was
added. This peak corresponds to the vibration mode of the anatase skeletal Ti-O-Ti bond (Taylor,
1988; Pant et al., 2013; Suwarnkar et al., 2014).
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Figure 4.4: FTIR spectrum of undoped and Ag doped TiO> nanoparticles

4.1.4. Transmission Electron Microscope (TEM) analysis

Transmission electron microscope (TEM) was performed to investigate the crystal morphology
of the TiO2 and Ag-TiOznanoparticles. The TEM image of TiO2 and Ag-TiO; are shown in
Figure 4.5 (a) and (b), respectively. It has been observed that TiO> and Ag-TiO> particles are
round with slight agglomeration due to the non-uniform morphology and have a uniform grain
size as indicated by the XRD data.
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Figure 4.5: The TEM image of (a) TiO, and (b) 5% Ag doped TiO2 nanoparticles

4.2. Characterization of Pure and Ag Doped ZnO Nanoparticles

4.2.1. UV-Vis Diffuse Reflectance spectroscopy (UVDRYS)

The optical properties of the synthesized (undoped and Ag doped ZnO) nanoparticles were
investigated to determine the effect of Ag amount on ZnO nanoparticles. Figure.4.6 shows
UVDRS spectra of the ZnO and Ag doped ZnO. The absorption wavelength was observed in the
range of 350 - 800 nm for ZnO and Ag doped nanoparticles. The band gap of the synthesized
ZnO (3.23 eV) was red shifted compared toits bulk material band gap (3.3 e€V). This red shift is
attributed to increased particles size. A red shift of absorption edge was noticed as silver was
doped into ZnO nanoparticles. As Ag concentration increased the absorption edge increased to a
higher wavelength; this may be an indication of enhancement in the photocatalytic activity under
UV irradiation for the synthesized samples. A similar observation was made by Bechambi et al.
(2015). The addition of silver to ZnO reduced the band gap from 3.2 eV (ZnO) to 3.19 eV (1%
AQ), 3.14 eV (3% Ag) and 3.13 eV for 5% Ag. A broad peak around 500 - 600 nm was attributed

to the silver plasmonic resonance.
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Figure 4.6: (a) Normalized UVDRS spectra; (b) The tauc plot of synthesized ZnO, 1, 3 and 5%
Ag-ZnO nanoparticles

4.2.2. Photoluminescence (PL) spectroscopy

Photoluminescence of the synthesized undoped and Ag doped ZnO nanoparticles were
investigated in the range of 200 - 900 nm and the spectra patterns are shown in Figure 4.7. In the
photocatalytic process, the separation and the recombination of the photo generated electron-
holes are competitive pathways. Figure 4.7 shows the PL spectra of undoped and Ag doped ZnO
nanoparticles with different amounts of Ag were excited at 320 nm. It was observed that all
samples (undoped and silver doped ZnO) exhibited two peaks at 413 nm and 533 nm. The peak
at 413 nm may be due to the transitions from conductive band to the Zn vacancy. Then the peak
at 533 nm referred to the emission from the interstitial Zn to the valence band. This observation
is similar to that reported in the literature (Bechambi et al., 2015). It was observed that the PL

intensity decreased first and then increased with an increase in Ag content.
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At lower Ag (1 and 3%) molar ration, silver is able to accept electrons and reduce the
recombination of photogenerated electron-hole onto ZnO surface. However, at higher Ag amount
(5%), silver may act as a recombination centre for the photoinduced electron-hole and hence
decrease the photocatalytic activity (Zhang, 2012). The lowest PL intensity of all synthesized
photocatalysts was observed to be at 1 and 3% Ag doped ZnO. This is may be good for the
photocatalytic activity, because at these percentages the dopant ion acts as a trapper of electron-

hole pairs and this will reduce the electron-hole pairs recombination.
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Figure 4.7: PL spectra of Zn0O, 1, 3 and 5% Ag-ZnO nanoparticles

4.2.3. X-Ray Diffraction (XRD) spectroscopy

The XRD patterns of ZnO and Ag-ZnO nanoparticles synthesized by chemical precipitation with
different amount of Ag incorporation (1, 3 and 5%) are shown in Figure 4.8. which shows that
wurtzite is the only crystal phase of the ZnO according to the diffraction peaks at 26 angles of
31.9° 34.5° 36.2° 47.7°, 56.5° 62.9°, 68.1° which corresponded to the refection at (100), (002),
(101), (102), (110), (103) and (200), respectively.
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There were an additional three new peaks at 38.28°, 44.19°and 64.76° when silver was doped on
ZnO nanoparticles, which corresponded to (111), (200) and (220) of the metallic silver,
respectively.

These additional peaks suggested the formation of a second phase cluster. Figure.4.8 shows that
the diffraction peaks (100), (002) and (101) of ZnO shifted to lower 26 values with the addition
of Ag* ion into the ZnO lattice. According to previous studies, the peak shifts to lower or higher
260 values is due to the substitution or interstitial incorporation of Ag into the lattice of ZnO
(Yildirim et al., 2013). In addition, the peak shifts to lower 26 values may be due to the
difference in ionic radii between Ag* (1.26 A) and ZnO (0.74 A) (Yildirim et al., 2013). In this
case, since the peak positions shifted to the lower 26 values, it suggests that substitution of Ag*
ions into ZnO lattice occurred. The intensity and the broadness of the peaks decreased with
doping of Ag on ZnO compared to the pristine ZnO nanoparticles. This ultimately increased the
crystallinity and crystallite sizes which were determined using the following Scherrer equation.

D = 094/ (fxcosh) (2)

Where D is the average crystalline diameter, 4 is the wavelength in angstrom, £ is the line width

at half maximum and @ is the Bragg angle.

The average crystallite size for undoped ZnO was 13.64 nm while it was 21.72 nm for 5% Ag
doped ZnO. It was observed that the crystallite size increased as the amount of Ag metal

increased as shown in the Table 6 below.
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Figure 4.8: (a) XRD patterns of ZnO, 1, 3 and 5% Ag-ZnO nanoparticles. (b) Enlarged regions of
the XRD patterns

Table 5: XRD crystalline size of ZnO and Ag doped ZnO nanoparticles

Nanoparticles Crystalline size (nm)
Zn0O 13.94
1% Ag-ZnO 14.97
3% Ag-ZnO 15.88
5% Ag-ZnO 21.72
4.2.4. Fourier Transform Infrared (FTIR) spectroscopy

The functional groups present in the undoped and Ag doped ZnO nanoparticles were also
investigated with the FTIR spectroscopy in the range of 4000 - 400 cm™. The spectra of ZnO and
various percentage doped Ag-ZnO nanoparticles are shown in Figure 4.9. The spectrum of ZnO
sample shows bands located at 400 - 650 cm™ which was attributed to ZnO stretching bands
(Gnanaprakasam et al., 2016), and at 1383 and 1621 cm™ which corresponded to C=0 and OH
bending vibration , respectively (Jose et al., 2017). The peaks at 2911 and 2995 cm™* bands are
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attributed to C-H stretching vibrations (Murtaza et al., 2014; Gayathri et al., 2015); these organic
peaks are due to the remaining ethanol used for the sample preparation. The 3382 cm™ peak has
been ascribed to OH groups indicating the presence of absorbed water on the surface of the ZnO
photocatalyst (Siva Vijayakumar et al., 2013; Gayathri et al., 2015). The peak at 1076 cm !
could be attributed to bending vibrational modes (Zandi et al., 2011). All the functional groups
peaks were shifted to the lower wavenumber and the intensity of their peaks increased with an
addition of metallic silver into the undoped material. This could be attributed to the substitution
of Ag® ion on the ZnO lattice. The OH peaks were more intense in the 1 and 5% Ag-ZnO
compared to the pristine ZnO. No absorption band for AgO or Ag.O was observed; therefore
there was no chemical attachment between AgO and Ag-ZnO, an indication that Ag may be in
metallic form. This result supports the XRD spectral results which showed that Ag was
incorporated onto the ZnO lattice by substitution without disturbing the crystal structure of the
pristine ZnO. This result is in line with the findings of Yildirim et al. (2013)
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Figure 4.9: FTIR spectrum of Zn0O, 1, 3 and 5% Ag-ZnO nanoparticles
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4.2.5. Transmission Electron Microscope (TEM) analysis

The TEM images of the synthesized undoped ZnO and Ag doped ZnO (1% Ag) nanoparticles are
shown in Figure 4.10 (a) and (b). It was observed that the particles were agglomerated and
spherical in shape for the undoped and Ag doped ZnO nanoparticles. A slight increase in
particles size was observed for the Ag doped ZnO suggesting that doping with Ag has an

influence on the particles size of ZnO.

Figure 4.10: TEM images (a) ZnO and (b) 1% Ag-ZnO nanoparticles

4.3. Characterization of Pure and Ag Doped ZnS Nanoparticles

4.3.1 UV-Vis Diffuse Reflectance (UVDRS) spectroscopy
The UVDRS of the pristine ZnS and the various percentage Ag doped ZnS were investigated to

study the optical properties of the photocatalyst, and the results are presented in Figure 4.11. The
band gap of the synthesized ZnS (3.12eV) was smaller than the bulk (3.6 V). This red shift of
the band gap suggested that the particles sizes were bigger. The absorption edge of all
nanoparticles was observed in slightly in UV region and an increase toward a higher wavelength
observed in the presence of Ag doping to ZnS nanoparticles.
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The band gap energy (Eg) of the synthesized photocatalyst was found using the plot of Kubelka
Munk equation against the photon energy, and the band gap energy values obtained are 3.12,
3.10, 2.95 and 2.92 eV for ZnS, 1% Ag-ZnS, 3% Ag-ZnS and 5% Ag-ZnS nanoparticles,
respectively. A red shift of the band gap was observed upon doping with Ag; this may be is due
to quantum energy effect of Ag which has an influence on band gap of ZnS (Madkour and Al
Sagheer, 2017). Addition of Ag delays the fast photogenerated electron-hole recombination and
enhances the photocatalytic degradation.
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Figure 4.11: (a) Normalized UVDRS spectra and (b) Tauc plot of synthesized ZnS and 1, 3 and
5% Ag-ZnS nanoparticles

4.3.2. Photoluminescence (PL) spectroscopy

The photoluminescence (PL) spectra of undoped and doped ZnS nanoparticles with different
percentages of Ag (1, 3 and 5%) under an excitation wavelength of 343 nm are shown in Figure
4.12. It was observed that both the undoped and Ag doped ZnS nanoparticles exhibited two
emission peaks at 418 and 550 nm, while the addition of Ag into the particles resulted in a

decrease in intensity.
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This supports the results obtained from the UVDRS spectroscopy and indicates that increasing
the amount of Ag decreases the band gap energy of nanoparticles which results in the red-shift of

the PL emission peak. Similar trend has been reported in literature (Qin et al., 2012).
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Figure 4.12: PL spectra of ZnS, 1, 3 and 5% Ag-ZnS nanoparticles

4.3.3. X- ray diffraction (XRD) spectroscopy

The X-ray diffraction patterns (XRD) of Ag doped and undoped ZnS are presented in Figure
4.13. The pattern for undoped ZnS shows diffraction peaks at 26 values of 28.38, 47.84 and
56.55 corresponding to the respective diffraction planes of (111), (220) and (311) (Synnott et al.,
2013).The XRD patterns for Ag doped ZnS nanoparticles contains new diffraction peaks at 26
values of 38.11, 43.57, 62.83 and 76.81 corresponding to metallic silver (Li et al., 2012). The
appearance of Ag peaks in the doped ZnS nanoparticles was in contrast to results obtained for the
ZnO and TiO2 nanoparticles above and suggested that Ag was deposited on the ZnS crystal
lattice (Murugadoss and Chattopadhyay, 2008; Ramasamy et al., 2012; Sivakumar et al., 2014).
Their crystallite size was determined from using the Debye-Scherrer formula (Lv et al., 2011).

D =0.94.4// (f.cos8) 4)
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Where, D is average size of particle; 1 is the X-ray wavelength (= 0.15406 nm), g is full width at
half-maxima of diffraction peak (at 20 = 27°); and @ is the angle of diffraction with geometric
factor equal to 0.94. The crystallite size increases as the doping agent was added from 13.48 to
18.12 nm.
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Figure 4.13: XRD spectrum of ZnS, 1, 3 and 5% Ag-ZnS nanoparticles and (b) enlarged regions
of the XRD patterns

Table 6: Crystallite size of ZnS and silver doped nanoparticles

Particles Crystallite size (nm)
Pure ZnS 13.48

1% Ag-ZnS 14.70

3% Ag-ZnS 16.42

5% Ag-ZnS 18.12
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4.3.4. Fourier Transform Infrared (FTIR) spectroscopy

The FTIR spectra of ZnS and Ag-ZnS nanoparticles was also performed to identify the
functional groups present and Figure 4.14 shows the spectra. The peaks at 1065, 627 and 497
cmtis due to Zn-S vibrations and those observed at 1063, 1121, 1212, 1975, 2157, 2984, 2907,
2144 cm™ represented the microstructural formations (Devi et al., 2007; Kuppayee et al.,
2011).The broad absorption peak centered at 3671 cm™ corresponds to the OH group which
indicates the existence of absorbed water on the surface of the nanocrystals. A shift of the peaks
of the functional groups toward a higher wavenumbers was observed and became more intense
as the amount of Ag increased. The peak around 3000 and 3500 cm™ of 5% Ag-ZnS is broader
compared to other samples. This confirms the existence of more OH group on the surface which
is believed to favour the good photocatalytic activity. In comparison to other percentage doped
ZnS, the more intense peak around 876 cm™ for 5% Ag suggests that the higher doping quantity
affected the structure of the ZnS crystal.
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Figure 4.14: FTIR of ZnS, 1, 3 and 5% Ag-ZnS nanoparticles
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4.3.5. Transmission Electron Microscope (TEM) analysis
The morphology of the obtained ZnS and 5% Ag doped ZnS synthesized by the chemical
precipitation method has been determined by TEM. Figure 4.15 (a) and (b) show that the

particles were spherical and agglomerated.

Figure 4.15: TEM images of (a) ZnS and (b) 5% Ag-ZnS nanoparticles

4.4. Degradation of 2-chlorophenol

The absorption peaks of 2-chlorophenol (2-CP) were determined before degradation using UV-
Vis spectra. Figure 4.16 shows the absorption spectra of 50 ppm of 2-CP and it was observed
that 2-CP exhibited two emissions peaks at 220 and 274 nm. The absorption spectra of the
different 2-CP concentration (8, 20 and 50 ppm) were measured at a maximum wavelength of
220 nm.
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Figure 4.16: UV-Vis spectra of 2-chlorophenol

44.1. Degradation of 2-chlorophenol using Undoped and Ag Doped TiO:2
Nanoparticles

44.1.1. Degradation of 2-CP without Catalyst/Undoped TiO2 Nanoparticles

A preliminary 2-CP degradation experiment was carried out in the absence and presence of the
TiO2 nanoparticles using 50 ppm 2-CP and 5mg of TiO2 nanoparticles at pH of 10.5 for a period
of 150 min. The percentage degradations are shown in Figure 4.17 which shows that irradiation
of 2-CP with UV light for a period of 150 min resulted in an approximate mineralization of 4.6
percent.

However, irradiation of 2-CP at the same condition in the presence of TiO. nanoparticles
enhanced the 2-CP degradation resulting about 16 percent 2-CP degradation. The degradation

percentage was calculated using the expression below.

%D = (C, —C, / Cy ) X 100
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Where Co (mg/L) is the concentration of 2-CP at t = 0 min, C; (mg/L) is the concentration at each

intervals of the radiation time.

Degradation (%)

2-CP 2-CP/ TiO,

Figure 4.17: Degradation of 2-CP without and withTiO2 nanoparticles using 50 ppm (2-CP) and
5 mg of TiO2 nanoparticles at pH = 10.5, irradiation time = 150 min

4.4.1.2. Degradation of 2-chlorophenol with Ag Doped TiO2 Nanoparticles

Further 2-CP degradations comparisons were carried out using both the different percentages of
Ag doped and undopedTiO nanoparticles. All experiments were performed using 300 mL of 50
ppm of 2-CP and 5 mg catalyst. The mixture was initially stirred for 30 min in the dark to allow
for the adsorption of the 2-CP onto the TiO. nanoparticles surfaces and then the mixture was
irradiated for 150 min. The results of these experiments are shown in Figure 4.18. It was
observed that the solutions with Ag doped TiO. nanoparticles showed a better degradation
percentage for 2-CP than the undoped TiO2nanoparticles. The total degradation percentages after
150 min of irradiation for each photocatalyst was 4.98%, 15.5%, 20.5%, 26.76% and 30.36% for
UV light only, undoped TiO, 1% Ag-TiO2, 3% Ag-TiO, and 5% Ag-TiOz, respectively. The
results clearly confirm that the addition of doping of TiO: surfaces improves the degradation
performance.
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A similar observation showing that doping of Ag onto TiO2 surface enhances it photocatalytic
activity and expands the response range of the photocatalyst to the visible light region has been
reported (llyas et al., 2011; Park and Lee, 2014). The Figure 4.18 showed that the Dbest
degradation result was achieved with the 5% Ag-TiOz; this confirms that the amount of Ag
doped onto the TiO; surface plays important role in the degradation efficiency of the pollutant.
At higher dopant ion concentration (5% Ag), silver can easily accept the electrons and reduce the
rapid recombination rate of photogenerated electron-hole pairs. Following the results of this
experiment, further studies were carried out using the 5% Ag-TiO2 nanoparticles due to its high

degradation percentage.
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Figure 4.18: Comparative 2-CP degradation of undoped and Ag doped TiO2 nanoparticles using
2-CP concentration of 50 ppm at pH = 10.5 and catalyst dosage of 5 mg, irradiation time = 150
min

4.4.1.3. Factors Influencing the Photocatalytic Degradation of 2-chlorophenol

4.4.13.1. Effect of 2-CP Initial Concentration
The starting concentration of 2-CP is an important factor in the performance of the catalyst. The

effect of 2-CP starting concentrations was investigated from 8 to 50 ppm using Ag doped TiO>
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nanoparticles dosage of 11.25 mg at an irradiation time of 150 min and the results are shown in
Figure.4.19. It was observed that with an increase of initial concentration of 2-CP, the percentage
degradation of 2-CP by the 5% Ag-TiO, decreased. The percentage removals were 74.4, 45.5
and 30.4 % for 8, 20 and 50 ppm of the initial 2-CP concentrations solutions, respectively.
Similar results were reported by Rideh et al. (1997). This could be attributed to the fact that at
higher concentration, the UV light is blocked from reaching the surfaces of the Ag doped TiO>
nanoparticles. Thus the number of photons or path length of photons which strikes the surface of
the photocatalystis reduced leading to decrease the number of electrons excited (Sobana et al.,
2008; Pouretedal et al., 2009b).

Consequently the amount of hydroxyl radicals formed on the surface to attack the organic
pollutant is reduced, resulting in the decreased photocatalytic efficiency (Rashid et al., 2015b).
The best percentage degradation of 2-CP was obtained at 8 ppm. This implies that at lower
concentration, smaller amounts of 2-CP molecules are absorbed and there is availability of
photogenerated holes for the production of hydroxyl radicals (Behnajady et al., 2006;
Karunakaran and Dhanalakshmi, 2008; Ba-Abbad et al., 2016).
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Figure 4.19: Effect of pollutant concentration. Catalyst loading (5% Ag-TiO2) = 11.25 mg, pH =
10.5, irradiation time = 150 min
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4.4.1.3.2. Effect of Catalyst Loading

The effect of Ag doped TiO2 nanoparticles loading experiments was investigated to determine
the optimum amount of the Ag doped TiO. nanoparticles on the degradation efficiency of 2-CP.
Various masses (5, 7.5 and 11.25 mg) of the Ag doped TiO> nanoparticles were employed in the
degradation of 8 ppm of 2-CP at pH 10.5, and the experimental results are depicted in Figure
4.20. The maximum degradation of 2-CP was observed with the Ag doped TiO2 nanoparticles
dose of 11.25 mg as shown in Figure 4.19. This trend was attributed to the fact that increases in
the Ag doped TiO2 nanoparticles dosage led to increase in the amount of OH" radical produced

from irradiated photocatalyst and enhanced the degradation efficiency.
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Figure 4.20: Effect of catalyst loading (5% Ag-TiO>), 2-CP =8 ppm, pH = 10.5, irradiation time
= 150 min

44133 Effect of pH

The pollutant solution pH is a crucial parameter for the photocatalytic reaction. The effect of pH
on the degradation of 2-CP by the Ag doped TiO> nanoparticles was investigated in the pH range
of 4 to 10.5. The pH was adjusted by using 0.1 M of HCI or 0.1 M NaOH. Figure 4.21 shows the
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effect of pH on 8 ppm of 2-CP degradation using Ag doped TiO2 nanoparticles dose of 11.25
mg. Figure 4.21 showed that the photo-degradation efficiency of 2-CP was affected by the
change of pH; the degradation percentages are 45.7, 60.1 and 74.4 % for pH 4.11, 7.05 and 10.5,
respectively. In acidic medium (pH lower than its pHpzc = 5.6 — 6.4 for 2-CP), the surface of
TiO2 is protonated and positively charged, while in basic medium (pH higher than its pHpzc =
5.6 — 6.4), TiO2 surface is deprotonated and it is negatively charged (Rashid et al., 2015a); the
deprotonation results in the release of more hydroxyl ions which reacts with electron holes to

produce OH' radicals that enhances the degradation efficiency. Thus, the degradation of 2 CP
increased as the pH increased from 4.5 to 10.5.

A similar observation has been noted by (Barakat et al., 2005) who investigated the

photocatalytic degradation of 2-CP using Co-TiO2with up to 93.41% efficiency at pH of 9.
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Figure 4.21: Effect of pH, 2-CP = 8 ppm, catalyst dosage (5% Ag-TiO2) = 11.25 mg, irradiation
time = 150 min
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4.4.14. Conclusions

The study assessed the degradation of 2-chlorophenol in the absence and presence of Ag doped
TiO2 nanoparticles, as well as the effect of various ambient conditions on the degradation
efficiency. Degradation efficiency of 2-CP was not significant in the absence of the Ag doped
TiO2 nanoparticles but with the TiO. nanoparticles, the efficiency was improved. Doping of Ag
in the Ag doped TiO2 nanoparticles greatly enhanced the degradation efficiency. The 5% Ag
doped TiO> nanoparticles had the best 2-CP degradation capacity when compared to other
doping percentages. The Ag doped TiO2 nanoparticles works best at lower 2-CP concentration,
and high Ag doped TiO> nanoparticles loading seemed to show corresponding degradation while

the optimum pH for degradation is 10.5.

4.4.2. Degradation of 2-chlorophenol using ZnO and Ag Doped ZnO Nanoparticles

4.4.2.1. Degradation of 2-CP without Catalyst/ Undoped ZnO Nanoparticles

The photocatalytic degradation of 2-CP without a catalyst and in the presence of undoped ZnO
nanoparticles were investigated with 50 ppm of 2-CP and 5 mg of catalyst loading under UV
irradiation. The pH was adjusted at 4.11, 7.05 and 10.5 using HCI and NaOH. Figure 4.22 shows
the results of 2-CP degradation at pH 10.5. Figure 4.22 shows that a better percentage of 2-CP
was obtained in the presence of ZnO catalyst, with a percentage degradation of 12.56%

compared to 2-CP without catalyst after 150 min of irradiation.
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Figure 4.22: Degradation of 2-CP without catalyst and with undoped ZnO catalyst. Catalyst
loading = 5 mg, pH = 10.5, irradiation time = 150 min

4.4.2.2. Degradation of 2-CP with Undoped/ Ag Doped ZnO Nanoparticles
Figure 4.23 shows that the addition of Ag into ZnO surface resulted in the improvement of the
degradation percentage removal of 2-CP. The maximum degradation of 2-CP were 28.9%,
28.2% and 23.5% for 1% Ag-ZnO, 3% Ag-ZnO and 5% Ag-ZnO nano-photocatalyst,
respectively, after 150 min irradiation as shown in Figure 4.23.

The efficiency of degradation with the addition of Ag into ZnO surface indicated that Ag plays a
significant role in the photocatalyst activity for the degradation of 2-chlorophenol. The 1% Ag
was the most efficient concentration of silver compared to 3 and 5% Ag. This showed that 1% is
the optimum concentration dopant ion, and at this amount the penetration of the light in the
solution occurred easily. In contrary at 3 and 5% Ag-ZnO the degradation percentage may
decrease due to the excess amount of Ag which covers the surface preventing the light and

pollutant adsorption.
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In addition, at higher dopant ion concentration, the dopant ion can react as a recombination
centre due to an excess of electrons accumulated. This increases the reaction between the dopant
ion sites and the photogenerated holes and promoted the electron-hole recombination
(Gnanaprakasam et al., 2016; Cardoza-Contreras et al., 2019). The photocatlytic degradation of
2-chlorophenol was further studied with 1% Ag-ZnO nanoparticles by investigating parameters

such as catalyst mass, pollutant concentration and pH of the solution.
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Figure 4.23: Comparative study between undoped and Ag doped ZnO nanoparticles for the
photocatalytic degradation of 2-CP (50 ppm), pH = 10.5 and catalyst loading = 5 mg, irradiation
time = 150 min

4.4.23. Factors Influencing the Photocatalytic Degradation of 2-chlorophenol

44231 Effect of 2-CP Initial Concentration

The initial pollutant concentration of 2-CP was investigated by varying the concentration from 8,
20 and 50 ppm. Figure 4.24 shows the results of the photocatalytic degradation of 2-CP at pH
10.5 with 1% Ag-ZnO nano-photocatalyst. The maximum percentage degradation of 57.8%,
50.4% and 28.9% was obtained with 8 ppm, 20 ppm and 50 ppm, respectively.
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At a higher concentration, the percentage degradation is lower because of the insufficient number

of the active sites on the photocatalyst surface for 2-chlorophenol to degrade.

In addition, the insufficient number of active sites reduces the available actives sites for the
generation of hydroxyl radicals (OH") (Ba-Abbad et al., 2013a). In addition, an increase of the
initial pollutant concentration decreases the number of photons reaching the catalyst surface and
reduces their adsorption by the photocatalyst and decreases the 2-CP degradation efficiency
(Krishnakumar et al., 2010). A similar observation was made for the degradation of phenol and
benzoic acid (Benhebal et al., 2013).
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Figure 4.24: Effect of initial concentration of 2-CP. Catalyst loading (1% Ag-ZnO) =5 mg, pH =

10.5, irradiation time = 150 min

4.4.2.3.2. Effect of Catalyst Loading

The catalyst loading effect was investigated from 5, 7.5 and 11.25 mg at optimum values. Figure
4.25 shows the photocatalytic degradation of 8 ppm of 2-CP at pH 10.5 with different amounts of
1% Ag-ZnO nano-photocatalyst. The results show that an increase in the amount of catalyst
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loading lead to a decrease the photocatalytic degradation efficiency and the degradation
percentage of 57.8%, 42.3% and 35.25% were obtained with 5, 7.5 and 11.25 mg, respectively.
At higher catalyst loading, the number of exposed catalyst active sites on the catalyst surface is

reduced which in turn reduces the number of hydroxyl radicals (OH") formed. The hydroxyl

radicals (OH’) are the main reactive species for the oxidation of 2-CP molecules. Also, at higher

catalyst loading, the turbidity of the solution increases and this blocks the penetration of the light
into the solution which reduces the availability of the photon for the degradation of the adsorbed
2-CP molecules on the catalyst surface (Gnanaprakasam et al., 2016). Similar results have been

reported for the photodegradation of others organic pollutants (Barakat et al., 2005).
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Figure 4.25: Effect of catalyst loading (1% Ag-ZnO), [2-CP] = 8 ppm, pH = 10.5, irradiation
time = 150 min

4.4.2.3.3. Effect of pH

The effect of pH on the photocatalytic degradation of 2-chlorophenol was carried out at different
pH values ( 4.11, 7.05 and 10.5) with the optimized experimental condition (A mixture of 300
mL of 8 ppm of 2-CPsolutionand 5 mg of 1 % Ag-ZnO loading as shown in Figure 4.26).
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The pH is crucial for the degradation because it affects the surface charge of the catalyst surface
(Sivakumar et al., 2014; Gnanaprakasam et al., 2016; Kotlhao et al., 2018b). It has been reported
that undoped and silver doped ZnO catalysts have the same pH zero point charge of 9.0 (Tan et
al., 2003; Ba-Abbad et al., 2013b).

At pH below its pHzcp value (pHzcp< 9), the surface of ZnO is protonated (positively charged)
and deprotonated (negatively charged) at pH above 9.0.Thus, the ionization state of the
photocatalyst can be an advantage or disadvantage for the photocatalytic degradation of the
organic pollutant. It was observed in Figure 4.26 that the highest photocatalytic degradation of 2-
CP was obtained at alkaline pH (10.5). The results have shown a total degradation of 57.8%,
52.5% and 40.45% for pH 10.5, 7.05 and 4.11, respectively.

Similar results have been reported in the literature for the photodegradation of other organic
pollutants using doped ZnO (Degen and Kosec, 2000; Habibi and Rahmati, 2015). In acidic pH,

low degradation percentage of 2-CP was obtained due to the lower number of OH™ ions which
resulted in less production of OH" radicals; hence the photocatalytic degradation of 2-CP

decreases (Ravishankar et al., 2014; Bechambi et al., 2016). On the other hand at alkaline
medium (pH =10.5) the surface of the catalyst is negatively charged, hydroxide ions became the
predominant species and the surface concentration of 2-CP is higher (Bechambi et al., 2015;
Kotlhao et al., 2018b). In addition, at pH 10.5 a constant number of OH" ions and 2-CP
concentration is produced which will react with holes on the valence band to produce hydroxide
radical species; these hydroxyl radicals will oxidize 2-CP molecules. In order at acidic pH ZnO
molecules dissolved due to its amphoteric nature in the solution and the main existing Zinc
species are Zn?* and Zn(OH)?* (Behnajady et al., 2006). At basic pH, ZnO molecules are in the
form of zincates such as Zn(OH)4> (Ba-Abbad et al., 2013a) and enhance the degradation
efficiency of 2-chlorophenol.
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Figure 4.26: Effect of pH; [2-CP] = 8 ppm, catalyst loading (1% Ag-ZnQO) = 5 myg, irradiation
time = 150 min

4.4.2.4. Conclusions

The photocatalytic degradation of 2-CP is enhanced with the addition of a catalyst compared to
the presence of 2-CP without catalyst. However, it has been observed that addition of Ag into
ZnO nanoparticles showed an improvement in the photocatalyst activity. The 1% Ag doped ZnO
was shown to be the best photocatalyst for the degradation of 2-CP under UV irradiation
compared to undoped and 3 and 5% Ag doped ZnO nanoparticles. It was observed that 57.8% of
removal of 2-CP was obtained at optimum value of 8 ppm as initial concentration of 2-CP, 5 mg

of catalyst loading and 10.5 of pH.

4.4.3. Degradation of 2-chlorophenol using ZnS and Ag Doped ZnS Nanoparticles
4.4.3.1. Degradation of 2-CP without Catalyst/Undoped ZnS Nanoparticles

The photocatalytic activity of the synthesized undoped and ZnS nanoparticles was assessed for
the degradation of 2-CP using 50 ppm as a starting 2-CP concentration at pH 10.5 in absence of
the catalyst and in the presence of undoped ZnS nanoparticles.
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It was observed that 4.98% of 2-CP was degraded after 150 min of irradiation time in the
absence of ZnS nanoparticles. The addition of the pristine ZnS in the mixture resulted in an

increase in 2-CP photocatalytic degradation of 7 % after 150 min of irradiation time as shown in
Figure 4.27.

Degradation (%)

2CP 2-CP/ZnS

Figure 4.27: Degradation of 2-CP without catalyst and with undoped ZnS catalyst. Catalyst
loading = 5 mg, pH = 10.5, irradiation time = 150 min

4.4.3.2. Degradation of 2-CP with Ag Doped ZnS Nanoparticles

The effect of Ag doping on the ZnS nanoparticles was investigated. Figure 4.28 shows the
degradation of 50 ppm of 2-CP at pH 10.5 with ZnS nanoparticles dosage of 5 mg. It was
revealed in Figure 4.28 that the degradation efficiency of 2-CP increased upon Ag doping; the
highest degradation of 16.4% was obtained with 5% Ag-ZnS catalyst. A similar observation was
made by Gupta et al. (2018).

This enhancement was attributed to the role Ag plays in electrontrapping which delays e/h*
rapid recombination and thus enhancing the percentage degradation of the organic pollutants
(Wang et al., 2004; Abdennouri et al., 2015). Figure 4.28 showed a percentage degradation of
11.2, 12.3 and 16% for the 1, 3 and 5 % Ag doped ZnS nanoparticles, respectively.
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Figure 4.28: Comparative study between the undoped and Ag doped ZnS nanoparticles. [2-CP] =
50 ppm, pH = 10.5, catalyst loading = 5 mg, irradiation time = 150 min

The investigation of effect of catalyst loading, initial pollutant concentration and pH were done

with the 5% Ag doped ZnS nanoparticles which exhibited the best degradation potential.

4.4.3.3. Factors Influencing the Photocatalytic Degradation of 2-chlorophenol
by Ag doped ZnS Nanoparticles

44331 Effect of 2-CP Initial Concentration

The photocatalytic activity of 5% Ag-ZnS nanoparticles was investigated under 150 min of UV-
Vis irradiation. The effect of initial pollutant concentration was carried out using 8, 20 and 50
ppm concentrations of 2-CP, and the results are depicted in Figure 4.29. which shows that with
an increase in the initial concentration of 2-CP, the degradation percentage of 2-CP by the
nanophotcatalyst decreased. This was attributed to the fact that at higher concentrations of the
Ag-ZnS nano-photocatalyst, the 2-CP percentage degradation was lower because of the because
of the insufficient number of the active sites on the photocatalyst surface for 2-chlorophenol to

degrade because these sites have been blocked by the numerous 2-CP in solution.
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In addition the insufficient number of active sites causes the unavailability of actives sites for
the generation of hydroxyl radicals (OH:). A similar observation has been reported by Han et al.
(2009) and Anjum et al. (2017).
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Figure 4.29: Effect of 2-CP initial concentration, catalyst loading (5% Ag-ZnS) =5 mg, pH =
10.5, irradiation time = 150 min

4.4.3.3.2. Effect of Catalyst Loading

The effect of catalyst dose was studied using different amounts (5, 7.5 and 11.25 mg) of the Ag-
ZnS photocatalyst, with the concentration of 2-CP kept constant (8 ppm) throughout the
experiment. The results of the experiment are shown in Figure 4.30; it was observed that
increasing of the Ag doped ZnS photocatalyst dosage above 5 mg resulted in reduced percentage
degradation of 2-CP. A maximum percentage degradation of 52% was obtained at Ag doped ZnS
photocatalyst dose of 5 mg, while 48.1% and 38.2% were obtained at 7.5 mg and 11.25 mg
doses, respectively. At Ag doped ZnS photocatalyst dose of 5 mg, the actives sites are well
dispersed which which facilitates the optimal penetration of UV light across to the pollutant
(Daneshvar et al., 2004).
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On the other hand, an increase in the catalyst dose increases the turbidity of the pollutant
medium leading to a reduced amount of photons which can penetrate the surface and hence the

photocatalytic activity of the pollutant decreases (Sivakumar et al., 2014).
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Figure 4.30: Effect of catalyst loading. [2-CP] = 8 ppm, catalyst used (5% Ag-ZnS), pH = 10.5,
irradiation time = 150 min

4.4.3.3.3. Effect of pH

The pH is the most crucial parameter for the photocatalytic degradation analysis of organic
compounds and in the generation of actives sites. The effect of pH on the photocatalytic
degradation of 2-CP was investigated at different pH values (4.1, 7.0 and 10.5) with 8ppm of 2-
CP, 5 mg of 5% Ag-ZnS and results are shown in Figure 4.31. It was observed that that the
percentage degradation of 2-CP increased as the pH increased resulting in a maximum
degradation of 45.5% at pH = 10.5. The results also showed that degradations of 31.8 and 25.2 %
were obtained at pH 4.11 and 7.05, respectively. Thiscan be attributed to the fact that in acidic
pH and neutral pH (pH below the point of zero charge for ZnS , pH < 7-7.5(Gupta et al., 2018)),

the surface of the photocatalyst is predominated by positive charges which reduces the
production of hydroxyl radicals.
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In addition, a low degradation value at pH < pHzpc of ZnS may be due to the presence of excess
Cl ions (from HCI solution used to adjust the pH of the solution), which will react with OH
radicals by forming the inorganic CIO™ (hyperchlorite) ion radicals which are known as less
reactive species compare to OH' radicals. The percentage degradation was favoured at pH above

the pHpzc value. At higher pH, the surface of the photocatalyst is mostly dominated by negative
charges, and there is formation of OH" species. In addition, alkaline medium facilitates van der

Waals interactions between 2-CP and the nano-photocatalyst; this enhances the adsorption of 2-
CP to the catalyst surface and results in increased photocatalytic activity. Similarly OH" radicals

can be formed due to a reaction between the hole in the valence band or molecules of water with
hydroxide ions which favors the production of OH: radicals, the primary species responsible for
photodegradation (Barjasteh-Moghaddam and Habibi-Yangjeh, 2011).
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Figure 4.31: Effect of pH. [2-CP] = 8 ppm, catalyst loading (5% Ag-ZnS) =5 mg, pH = 10.5,
irradiation time = 150 min
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4444, Conclusions

The degradation results of 2-CP showed that the addition of Ag into ZnS nanoparticles enhanced
the degradation of 2-CP better than the undoped ZnS nanoparticles. The best degradation result
was obtained at Ag doping of 5% with 45.5 % 2-CP degradation capacity, at optimuim pH of
10.5 and 2-CP concentration of 8 ppm.
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Chapter 5: General Conclusions and Recommendations
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5.1. General Conclusions

Undoped and silver doped TiO2, ZnO and ZnS nanoparticles were synthesized and used for the
UV photocatalytic degradation of degradation of 2-chlorophenol. The TiO2 and Ag doped TiO>
nanoparticles were synthesized using the sol-gel method, while the chemical precipitation
method was used for the synthesis of undoped and Ag doped ZnO and ZnS nanoparticles. The
UVDRS results of the characterization forTiO2, ZnO and ZnS showed band gap changes
(reduction) after doping. The PL results exhibited reduced intensities upon doping suggesting
that Ag delays the recombination of the photogenerated electron-hole pairs thus enhancing their
photoactivity. The XRD analysis showed that the anastase, wurtzite and blende were the phases
obtained for the TiO2, ZnO and ZnS nanoparticles, respectively. It was noticed that addition of
silver ion did not affected their respective structures. There was particle size reduction for the Ag
doped TiO2 upon doping; however, the particle sizes increased for ZnO and ZnS; all the particle
sizes were within the nanoparticles range. The FTIR spectra results exhibited peaks unique to the
synthesized TiO2, ZnO and ZnS nanoparticles, while the TEM results showed shapes which were
spherical and uniform in size. The degradation efficiency of all undoped nanoparticles was lower
than Ag doped nanoparticles. However, different doping percentages gave optimum degradation
efficiencies of the 2-chlorophenol. Parameters such as catalyst mass, initial pollutant
concentration and pH played important roles that affect the degradation efficiencies. The
optimum percentage degradation of 2-CP were 74.4, 57.8, and 45.5 % for 5% Ag-TiO2, 1% Ag-
ZnO and 5% Ag-ZnS, respectively, The amount of photocatalysts that produced optimum
percentage degradation were 11.25 mg for TiO2 and 5mg for the other two catalysts at pH 10.5
and 8 ppm of 2-CP.The Ag-TiO2 proved to be the most efficient photocatalyst. Due to its cost
and low toxicity, TiO2 was adjudged the best photocatalyst for the degradation of 2-chlorophenol
compared to the others two semiconductor photocatalysts.
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5.2. Recommendations
Based on the study presented in this dissertation, it is strongly advised to perform further studies
for the degradation of 2-chlorophenol under UV irradiation specifically with the following points

in mind:

e Using the same preparation method for the preparation of the different nanoparticles for a
better comparison.

e Study the effect of the different parameters for a longer time.

e Determine the secondary products formed during the degradation of 2-chlorophenol.

e Perform a reusability test.
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