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Abstract 

The photo-catalytic degradation of organic contaminants (like dyes, 

insecticide, pesticide, … etc) in water, air, and soil using ZnO  under UV 

are commonly used procedures. This is due to its low costs, use of sunlight, 

mild reaction conditions, high photochemical reactivity, low environmental 

toxicity and stability to photocorrosion.  

In this work commercial and synthetic nano-particles of zinc oxide and thin 

films were used in photodegradation of methyl orange (MO) from water 

under UV-light and direct solar light. ZnSO4.7H2O was used to prepare 

hexagonal ZnO nano-particles (20-25 nm) by direct precipitation method, 

and ZnO thin films by chemical bath deposition method. Supported ZnO 

onto other substances (Activating Carbon, Sand, and Clay to form 

ZnO/AC, ZnO/Sand, and ZnO/Clay) was also used here to enhance the 

contaminant photodegradation process. UV-visible scanning, 

photoluminescence measurements, XRD characterization, and SEM 

imaging were used to characterize the prepared catalyst systems. Effects of 

pH, catalytic concentration, contaminant concentration, temperature, and 

light concentration on photo-degradation rate were studied. Turnover 

number and Quantum yield were calculated for comparison study. 

Temperature effect was studied and activation energy was calculated. 
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Photodegradation was faster in neutral medium pH=7. Higher catalyst 

concentration increased photodegradation, until certain amount then 

showed no systematic effect. The contaminant concentration speeded up 

the reaction rate. Temperature showed only small effect on the rate, with 

only a small calculated value of activation energy. The degradation process 

was enhanced by concentrating solar light with concaved mirrors.  

The nano-particle, thin film, and supported ZnO catalyst systems caused 

complete photodegradation of contaminants after enough time. The 

ZnO/AC system showed the highest catalyst efficiency. Pre-annealing the 

ZnO catalysts also enhanced the photodegradation rate. 
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CHAPTER 1 

INTRODUCTION 

1.1 Photocatalysis Overview 

Since the industrial revolution, scientific and technological 

progress has had negative effects on the environment and the health 

of living organisms and humans. Therefore, there is an urgent need to 

reduce the impact of such negative effects, and reduce the pollution of the 

environment.  To improve our lives scientists conducted a lot of research to 

find new technologies to reduce pollution risk. Most importantly, photo-

catalysis technology has emerged. It involves photolysis of pollutants with 

light using semiconductors. Examples are wide spread in water purification 

[1-3]. 

The use of titanium oxide in the photocatalytic splitting of water has 

been used in 1972 [1]. Since that time several studies in this area have been 

conducted. A variety of semiconductors have been described as photolysis 

catalysts for many types of organic pollutants in water under light 

illumination [2-3].  In the last twenty years scientists have developed many 

ways to understand the mechanism of photolysis [4]. Good examples 

of photolysis catalysts are solid metal oxides, such zinc oxide and titanium 

oxide. These substances have relatively high band gaps (Eg ~3.0 eV) and 

their conductive band edges are more positive potentials than the oxidation 

potentials needed for many organic contaminants. 
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Once a photon with energy higher than Eg is absorbed by the photocatalyst, 

it excites the electron from Valence Band (VB) to the Conduction Band 

(CB). 

The corresponding photocatalytic reaction at ZnO surface can be described 

by the following six steps: 

(a) Adsorption of photons having an energy matches or greater than its 

band gap energy of ZnO. 

(b) Promotion of an electron e- from the valence band to the conduction 

band generation a hole h+ in the valence band. 

(c) e- and h+ diffuse and migrate to the surface where they can react. 

(d) Recombination of the electron-hole pairs. 

(e) Stabilization of  e- and h+ at the surface to form a trapped electron and a 

trapped hole respectively. 

(f) Reduction of a suitable electron accepter. 

Among above reaction steps, the absorption of light (step (a)) and 

subsequent redox reaction at the surface (step (f)) are the key processes in 

photocatalysis. Steps (c) and (e) sometimes occur too fast to be observed in 

the reaction. 

 A well known mechanism for photocatalysis is shown in Figure (1.1); [2]. 
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Figure (1.1):  Mechanism of photo-catalysis [2]. 

 The longest wavelength of the light source needed to excite the 

semiconductor depends on the value of the semiconductor band gap: 

For ZnO, the value for Eg is 3.2 eV, which is equivalent to wavelength of 

387 nm. 

1.2 Photocatalyst Role in Contaminant Degradation 

In order to excite the photocatalyst, the photon must have energy 

higher than the band gap. To excite zinc oxide, the wavelength of incident 

light should be equal or shorter than 387nm. Thus degradation of 

pollutants occurs in the UV region only, with wavelengths equal or shorter 

than 387nm.  The absorbed photon energy is used in exciting the electron 

from the VB to the CB. Consequently, a positive hole (h+) is created in the 

VB. The electron and the hole may either recombine or separate away. 

Recombination may occur inside the catalyst particle or at the surface. To 
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our advantage, we need electron-hole separation rather than recombination. 

The photo excited electron-hole pairs move oppositely to the outer surface 

of the photocatalyst and start degradation of the adsorbed chemical species 

by the reaction of one or more of the transfer reactions.  

The hole can oxidize a hydroxide ion to yield a hydroxyl radical. 

Alternatively, the hole may react with water molecule to produce a 

hydroxyl radical (•OH). The electron may react with oxygen to form a 

super oxide radical anion (•O2
−), which can further react to form hydrogen 

peroxide and other active oxygen radicals [5]. Both resulting free 

radicals are able to degrade organic contaminants into water and carbon 

dioxide and other minerals. The following equations explain degradation 

mechanism [5-7] : 

 ZnO          hν                  h+ + e−  

 h+ + OH−                                    •OH 

           h+ + H2O                                   H+  + •OH  

  e- + O2                                      •O2
−   

O2 + 2e− + 2H+                              H2O2 

              H2O2 + •O2                               OH• + OH− + O2 

                 OH• + MO                               degradation products 
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The hydroxide radical reacts with organic compounds (RH) at the catalyst 

surface by removing the hydrogen atom on the carbon atom, and converts it 

to free radical (R•) and water by the chemical equation as follows [5-6]:  

•OH + RH                                 R• + H2O 

 

Then, the resulting radical (R•) reacts with the reactive oxygen radicals 

(•OH) to form hydroxy-substituted species (ROH), 

•OH   +  R•                               ROH 

 

Or can form tetra oxide species, which are highly unstable: [5, 7] 

           R• + O2 + HO2
•                                 [ROOOOH]  CO2 + H2O 

 

The resulting species releases carbon dioxide. 

 Finally all organic compounds can be degraded by the oxidation reaction 

using ZnO under solar light to carbon dioxide and water see Figure (2.8). 

1.3 Why ZnO Rather Than TiO2? 

Titanium oxide (TiO2) and zinc oxide (ZnO) have been extensively 

investigated as heterogeneous semiconductor photocatalysts [8–16]. This is 

because they offer several advantages such as, the use of oxygen as the 

only required oxidant and their ability to simultaneously catalyze oxidative 
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and reductive reactions. They also offer low cost, use of sunlight, mild 

reaction conditions, high photochemical reactivity, low environmental 

toxicity and stability to photocorrosion [17]. 

However, ZnO is better because it absorbs large fraction of the solar 

spectrum and more light quanta than TiO2 [18]. Researchers have high-

lighted the performance of ZnO on degradation of some organic 

compounds [19-20]. In addition, ZnO has more functions than TiO2 [21] 

Recently, researchers have pointed out that ZnO can also be used in the 

acidic or alkaline conditions through proper treatment [22-23]. Furthermore 

the optimum pH reported for ZnO process is close to neutral value, whereas 

the optimum pH for TiO2 mostly lies in acidic region. Hence the ZnO 

process is more economical for the treatment of industrial effluents.  

ZnO has been reported to be more efficient than TiO2 in some 

processes such as the advanced oxidation of pulp mill bleaching 

wastewater [24], the photooxidation of phenol [25] and photocatalysed 

oxidation 2-phenyl phenol [26]. In particular, ZnO has attracted much 

attention with respect to the degradation of various pollutants due to its 

high photosensitivity, stability and wide band gap. While TiO2 is widely 

employed as a photocatalyst, ZnO is a suitable alternative to TiO2 as it has 

a similar band gap energy (3.2 eV) [27], with larger quantum efficiency 

Higher photocatalytic degradation efficiencies of contaminant dyes have 

been reported [28-31]. Therefore, more study on ZnO catalyst system is 

necessary. 
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1.4 ZnO Nano-Particles 

The rate of photocatalytic degradation of organic pollutant depends 

on the size of the catalyst, crystanility, surface morphology and the 

preparation methods. Nano-particles of catalyst show distinguished 

changes in their optical properties compared to those of bulk materials as 

macro size. So particle size and surface area are the effective parameters of 

photocatalytic activity of nano-materials. Higher reduction activity and 

smaller band gap energy occur for two reasons, firstly there is more 

radiation intensity and secondly shorter wavelengths are needed to excite 

electrons in nano-materials. 

Nano-size particles absorb more radiation, due to their higher surface 

areas. Effect of size on the photo-degradation efficiency can be ascribed to 

following reasons: when the size of ZnO crystals decreases, the amount of 

the dispersion particles per volume in the solution will increase, resulting 

the enhancement of the photon absorbance, at the same time, the surface 

area of ZnO photocatalyst will increase, which will promote the adsorption 

of more dyes molecules on the surface [32].  

Nano-particles also exhibit blue shift (shorter wavelengths) as the 

particle size is reduced [33]. Nano-sized catalysts exhibited higher reaction 

rates due to low mass-transfer limitations [34]. Therefore, the increased 

surface area of nanosized particles and high absorptivity may prove 

beneficial for the decomposition of dyes in aqueous media.  
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1.5 What’s New in This Work? 

Many works were done on photocatalytic degradation using TiO2 and 

ZnO catalysts under solar light or UV-light.  For example, CdS nano-

particles sensitized TiO2 for photo-degredation of water organic 

contaminants in visible irradiation [35], ZnO supported on activated carbon 

and sensitized with CdS for photo-degradation water organic contaminants 

like methyl orange and phenanzoperidine  [36]. In those works naked TiO2 

and ZnO particles have been used. Recently, ZnO and TiO2 nano-particles 

were prepared and used in photo-degradation of pesticide carbetamide [37], 

herbicide triclopyr [38], pulp milling bleaching wasterwater [39], 2-

phenylphenol [40], phenol [41], reactive blue 19 [42], and acid red 14 [43]. 

K. Gouvea et al. confirmed that ZnO exhibits a better efficiency than TiO2 

in photocatalytic degradation of some reactive dyes in aqueous solution 

[44].  SiO2 used  as ZnO and TiO2 substrate in photo-degradation process 

[45], PMMA [46] and PSt [47]. 

In this work naked and lap synthesized  ZnO nano-particles were 

used in photo-degradation of methyl orange, the structural formula for 

methyl orange is shown in Scheme (I) below. Sand, clay and activated 

carbon are used as a substrate for both commercial and synthesized ZnO, 

also thin film of ZnO nano-particles were substrated on glass dishes and 

tested for photo-degradation efficiency.  

Scheme   ( I )         
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CHAPTER 2 

EXPERIMENTAL 

2.1 Materials and Reagents 

ZnO was purchased from Merck (Catalog no. 8849, with average 

particle size 230 nm). The surface area of ZnO was 47.2 m2/g. High surface 

area activated carbon powder 850 m2/g (Aldrich) was kindly donated by 

College of Engineering, ANU. Methyl orange, zinc sulfate and organic 

solvents (ethanol, acetone, and acetic acid) were all purchased from either 

Aldrich-Sigma Co. in pure form. Sand and clay were purchased from local 

markets and washed with concentrated hydrochloric acid then rinsed with 

deionized water and dried at room temperature prior to use. Zinc sulfate 

hepta hydrate ZnSO4.7H2O was purchased from Merck and was used to 

prepare synthetic ZnO nano-particles. 

2. 2 Equipments 

2.2.1 Measuring Devices 

2.2.1.1 UV/ Vis Spectrophotometery   

A Shimadzu UV-1601 spectro-photometer was used for electronic 

absorbance measurements of methyl orange concentration at wave length 

480 nm. 
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2.2.1.2 Fluorescence Spectrometry:  

A Perkin-Elmer LS50 Luminescence Spectrophotometer was used to 

measure emission fluorescence spectra for different catalyst systems. 

Emission spectra were also measured for a number of reagents. Emission 

spectra were used for determination of semiconductor catalyst band gap. 

The wavelength of the photoluminescence peak was taken to be the 

wavelength of the band gap for the quantum wells, as reported in literature 

[48]. 

2.2.1.3 Lux-Meter  

A Lux meter (Lx-102 light meter) was used to measure the intensity 

of solar radiation. Values were converted to W/cm2 using literature 

references [49]. 

2.2.1.4 Scanning Electron Microscopy (SEM) 

Field emission scanning electron microscopic/energy dispersive 

spectroscopic (FE-SEM/EDS) studies were conducted on a Jeol 

Microscope, (Model JSM-6700F). The measurements were carried out in 

the ICMCB Laboratories, Bordeaux University, France. 

 2.2.1.5 X-Ray Diffraction (XRD)  

XRD patterns were measured for ZnO powder and for ZnO/AC, 

ZnO/Clay, ZnO/Sand systems. The measurements were carried out in the 

ICMCB Laboratories, Bordeaux University, France, using a Philips XRD 
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X’PERT PRO diffractometer with Cu Kα (λ= 1.5418 Å) as a source. The 

XRD lines were identified by comparing the measured diffraction patterns 

to JCPDS data-base cards. 

2.2.2 Light Sources  

Different light sources were used for photodegradation of organic 

pollutants like: direct sun light, concentrated sun light (by Mirrors), and 

UV Lamps. 

2.2.2.1 Direct Sun Light 

Direct sun light was used for photodegradation experiment with 

nano-particle ZnO powder, ZnO/AC, ZnO/Clay and ZnO/Sand systems. 

2.2.2.2 Concentrated Sun Light (by Mirrors) 

Sun light was concentrated by two concave mirrors with 18 cm 

diameter and focal length ( ƒ ) equal 50 cm.   

2.2.2.3 UV Lamp  

Photo-degradation reactions were conducted in a magnetically stirred 

double-walled condenser cell equipped with a thermostated water flow. 

The reactor walls were covered with aluminum foil to reflect astray light 

and to protect persons from the harmful UV-light. The source of light was 

adjusted above the reactor cell at a suitable height (Figure 2.1) Lamp. 
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Figure (2.1): Arrangement of photocatalytic reactor. 

Illumination in the UV range was carried out using a 300 W/ 230V 

mercury tungsten (Osram Ultra-Vitalux) lamp housed in a protection box 

with luminance (4400 lux, 0.000644217 W/cm2). Table (1) summarizes the 

features of the used UV lamp. Its spectrum, is shown in Figure (2.2) in 

comparison with solar light and halogen spot lamp spectra. 

Table (1): UV  lamp specifications [50]. 

 

 Model Lifespan 
(hours) 

Rated  
Wattage (W)

Lamp  
Voltage (V)

Light  
Technical Data 

 

003313 

 

1000 

 

300 

 

230 

UVA radiated power 

315…400 nm, 13.6W 

UVB radiated power 

280..315 nm,  3.0W 
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Figure (2.2): Spectrograms for: a) halogen lamps b) sun light c) mercury vapor lamp [51] 

2.3 Solution Preparation   

The following solutions were prepared and used: 

● Sodium hydroxide solution (NaOH, 0.20 M) was prepared by dissolving 

4.00 g of NaOH in distilled water and was then diluting to 0.50 liter. 

● Sodium hydroxide solution (NaOH, 0.50 M) was prepared by dissolving 

10.00 g of NaOH in distilled water and was then diluting to 0.50 liter. 

● Hydrochloric acid solution (HCl, 0.20 M) was prepared by diluting 10.50 

ml of 32% HCl  to 0.50 liter with distilled water. 
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● Stock methyl orange solution: 0.l0g of methyl orange was dissolved in 

hot deionized distilled water. The solution was then diluted to 1.00 liter to 

make the final concentration 100 ppm (3×10-4M). Different diluted 

solutions (50, 30, 20, 15, 10, and 5 ppm) were then prepared from the stock 

solution.  

● Zinc sulfate solution (100 ppm)(1.53×10-3M) was prepared by dissolving 

0.4395 g of ZnSO4.7H2O (m.wt = 287.53 g/mol) in distilled water and was 

then diluting to 1.00 liter. 

● Zinc sulfate solution (1.88×10-3M) was prepared by dissolving 5.4056 g 

of ZnSO4.7H2O in distilled water and was then diluting to 1.00 liter. 

● Ethylenediamine solution (30×10-3M) was prepared by diluting 2.006 ml 

of ethylenediamine to 1.00 liter with distilled water. 

2.4 Materials Preparation Techniques  

 In this work different techniques were used to prepare different 

types of ZnO (thin films, nano particles, and ZnO/AC, ZnO/Clay, 

ZnO/Sand,   systems). 

2.4.1 ZnO Thin Films on Glass 

Thin films of ZnO were prepared on glass substrate by chemical bath 

deposition technique (CBD). After scrubbing with soap, the substrates were 

rinsed in running deionized water. The optimum CBD conditions for 
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achieving structured but adherent ZnO films have been previously 

described [52].   

Appropriate amounts of zinc sulfate ZnSO4.7H2O (0.0188 M) and 

ethylenediamine (0.03 M) were mixed. The pH of the bath was raised by 

addition of base (0.5 M, NaOH). The solution was maintained at a 

temperature of 60 0C < T < 65 0C, while the bath was continuously stirred. 

[53]. Thin ZnO films on glass are shown in Figure (2.3) below: 

   

Figure (2.3): ZnO thin films on glass 

2.4.2 ZnO Nano Particles  

Nano particles of ZnO were synthesized by two ways, Firstly by 

magnet bar stirring   without Sonication, and secondly by Sonication 

without magnet bar stirring.  
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2.4.2.1 Preparation by Sonication 

In this work ZnO nanocrystalline particles were prepared using the 

precipitation method. ZnSO4.7H2O was used as the starting material and 

NaOH as precipitant without further purification. The resulting slurry was 

continuously sonicated for 5 and 12 hour, and then washed with deionized 

water. The wet powder was dried to form the precursor of ZnO. Finally, the 

precursor was calcined in air at 6000C to produce the nanosized ZnO 

photocatalyst as shown in Figure (2.4): 

  

Figure (2.4): Sonication process for nanocrystalline ZnO preparation 
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2.4.2.2 Preparation Without Sonication 

In this work ZnO nanocrystalline particles were prepared using the 

precipitation method. ZnSO4.7H2O was used as the starting material and 

NaOH as precipitant without further purification. The resulting slurry was 

continuously stirred for 5 and 12 h, and then washed with deionized water. 

The wet powder was dried to form the precursor of ZnO as shown in Figure 

(2.5). Finally, the precursor was calcined in air at 6000C to produce the 

ZnO nanosized photocatalyst [54].  

 

  

Figure (2.5): Precipitation method for nanocrystalline ZnO preparation 
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2.4.3 ZnO/AC 

Synthesized and commercial ZnO (15.00 g) was mechanically stirred 

with AC (3.00 g) in aqueous solution with heating to evaporate maximum 

amount of water for 40 minutes in the dark. The resulting ZnO/AC was 

filtered and dried at room temperature as shown in Figure (2.6). Some 

ZnO/AC was calcinated at 2000C to study the annealing effects.  

 

Figure (2.6) Precipitation method for nanocrystalline ZnO/AC preparation 
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2.4.4 ZnO/Clay 

Commercial ZnO (3.00 g) was mechanically stirred with precleaned 

white Clay (12.00 g) granules in aqueous solution for 1 hour and heated to 

evaporate maximum amount of water. The resulting ZnO/Clay was dried at 

room temperature. It was calcinated at 250 0C and 450 0C to study 

annealing effect. It was then stored at room temperature.  

2.4.5 ZnO/Sand 

ZnO/Sand was prepared in a similar manner to ZnO/Clay. 

Commercial ZnO (3.00 g) was mechanically stirred with precleaned white 

Sand granules (12.00 g) in aqueous solution for 1 hour and heated to 

evaporate maximum amount of water. The resulting ZnO/Sand was dried at 

room temperature. It was calcinated at 250 0C and 450 0C to study 

annealing effect. It was then stored at room temperature.  

2.4.6 Annealing 

Annealing was conducted under air using a thermo-stated horizontal 

tube furnace. The prepared and commercial ZnO systems were inserted in 

the middle of a long Pyrex cylinder. The heat was raised to (250 and 450) 
0C for ZnO/Clay, and ZnO/Sand systems. The ZnO/AC system was 

annealed at 200 0C, where as the synthetic zinc oxide  was annealed at 600 

0C. All samples were annealed for 20 min before being allowed to cool at 

room temperature. 
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2.5 Catalytic Experiment 

Control degradation experiments were conducted with no catalyst 

under direct sun light. Other experiments were conducted in the presence of 

a catalyst in the dark. In these experiments contaminant concentration did 

not change after 40 minutes. In the presence of ZnO/AC or ZnO/Clay in the 

dark, the concentration of contaminant significantly changed after 40 

minutes, indicating adsorption of contaminant onto activated carbon or 

Clay surfaces. 

In the presence of sand, contaminant concentration did not change so 

there was no adsorption by sand. This is due to relatively low surface area 

of sand. Figure (2.7) showes remaning concentration of contaminants with 

time under control experiments. 

For ZnO/Clay, ZnO/AC systems a known amount of the solid was 

placed in the reactor in which aliquot of pollutant solution of known 

concentration was added. The stirred was mixed for 40 minutes in the dark 

in order to reach the absorption equilibrium. 
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Figure (2.7): Adsorption of contaminant on a) ZnO/AC  b) ZnO/Clay  c) ZnO/Sand, in the dark. 
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The catalyst system ZnO powder, ZnO/Sand or ZnO/Clay was then 

added to 100 ml of pollutant aqueous solution with a known concentration. 

The photo-degradation reaction was investigated using UV lamp, a direct 

or concentrated solar light using a concentrating mirror, Figure (2.8). The 

incident solar radiation was measured with a lux-meter. The sunlight 

intensity at the beginning and end of the experiment was measured. The 

main daily temperature was 350C. 

Aliquots (5 ml) were withdrawn from the pollutant solution at 

various time intervals for analysis. Each sample was centrifuged at 5000 

rev/min for 5 minutes.  

A spectro-photometer was used to measure remaining methyl orange 

in the sample complete mineralization of either contaminant after reaction 

completion was confirmed by the absence of 480 nm absorption for Methyl 

Orange, Figure (2.9). The absence of any benzene derivatives was also 

confirmed by the absence of any absorption bands characteristics for 

phenyl group at 200 nm or longer, as observed from absorption spectra 

after reaction completion. Aqueous solutions with different nominal methyl 

orange concentrations: 5 ppm, 10 ppm, 15 ppm, 20 ppm, 30 ppm, 50 ppm 

were prepared. An absorbance vs. concentration calibration curve was used 

to analyze remaining methyl orange through out the course of degradation 

reaction. 
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Figure (2.8) ZnO degradation processes under solar light. 

 

 
Figure (2.9) UV-Vis spectra measured for Methyl Orange through the photo-degradation 
process with time, the sample were taken periodically every 15 min (a-d). 
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CHAPTER 3 
RESULTS 

 

3.1 Catalyst System Characterization 

 3.1.1 ZnO Nano-Particles Annealed and Non-Annealed 

 Different characterization methods where used to characterize the 

synthetic ZnO nano-materials such as: Electronic Absorption Spectra, PL 

Emission, X-Ray Diffraction and SEM. 

3.1.1.1 Absorption Spectra 

The prepared catalyst was characterized using UV-Visible 

spectrophotometry. The baselines were measured for pure ethanol solution. 

The spectra were then scanned on dispersed small amount of fine solid 

catalyst particles in ethanol inside a quartz analysis cell in the UV-Visible 

range. The spectra are shown in Figure (3.1). A maximum at ~390 nm due 

to ZnO was observed. 
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Figure (3.1): ZnO UV-Vis spectrum measured in ethanol, after baseline correction. 

3.1.1.2 Photoluminescence Emission Spectra 

Fluorescence Emission spectra were used to measure semiconductor 

catalyst band gap. The wavelength of the photoluminescence peak was 

taken to be the wavelength of the band gap for the quantum wells, as 

reported in literature . The spectrum exhibits two emission peaks, one is 

located at around 392 nm (UV region) corresponding to the near band gap 

excitonic emission and the other is located at around 520 nm, and 450 nm 

attributed to the presence of singly ionized oxygen vacancies. The emission 

is caused by the radiative recombination of a photogenerated hole with an 

electron occupying the oxygen vacancy [48]. A small amount of the 

catalyst powder was dispersed in ethanol, and placed in the analysis quartz 

cell. The sample was excited at a proposed wavelength. Emission spectrum 

was then measured. 
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Photoluminescence emission spectra were measured for both the 

sonicated and non-sonicated synthetic hexagonal ZnO nano-particles. The 

excitation wavelength was 325 nm. The emission peaks were at ~390 nm 

for the sonicated synthetic ZnO and ~395 nm for non-sonicated synthetic 

ZnO nano-particles (Figure 3.2).  

 
Figure (3.2): Photoluminescence spectra of synthetic non-annealed ZnO a) non-sonicated.  b) 
sonicated. λEX = 325 nm. 

 

Emission spectra were also measured for both pre-annealed (at 600 0C) 

and non-annealed synthetic ZnO. The pre-annealed ZnO showed emission 

wavelength at ~ 397 nm, and the non-annealed ZnO showed emission at 

~395 nm, as shown in (Figure 3.3).  
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For more comparison purposes photoluminescence spectra are 

collectively shown in (Figure 3.4) for synthetic and commercial ZnO 

(annealed and non-annealed).  

 
Figure (3.3): Photoluminescence spectra of synthetic ZnO nano-particles  a) non-annealed b) 
annealed at 600 0C 
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Figure (3.4): Photoluminescence spectra of ZnO nano-particles  a) Synthetic non-annealed.  
b) Sonicated synthetic non-annealed.c) Commercial non-annealed. d) Synthetic annealed at 
600 0C 

 

3.1.1.3 X-ray Diffraction (XRD): 

The X-Ray Diffraction patterns were measured for all prepared ZnO 

systems. The XRD pattern showed noticeable peaks for non-annealed 

synthetic ZnO (sonicated and non-sonicated) at 2θ values of 32.1 (100), 

34.8 (002), 36.6 (101), 47.9 (102), 56.9 (110)   and 63.1 (103). For the 600 
0C annealed system, patters of 2θ values 31.8 (100), 34.6 (002), 36.3 (101), 

47.6 (102), 56.7 (110)   and 63.0 (103) were obtained, Figure (3.5). The X-
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ray patterns show hexagonal crystal type for ZnO. The results coincide 

with literature XRD pattern for hexagonal wurtzite ZnO, Figure (3.6), [55]. 

 

Figure (3.5): X-ray diffraction patterns for synthetic ZnO 600 0C  annealed 

 

 

Figure (3.6): Literature X-ray diffraction patterns for ZnO nano-particles, [55]. 
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Particle size was calculated using the Scherrer equation:  

D = (0.9λ)/ (bcos θ) 

Where D is the average crystallite diameter (nm), λ is the X-ray wavelength 

(nm), b is the full width at half maximum (FWHM) of the peak corrected 

for instrumental broadening (rad.) and θ is the Braggs' angle (deg.). The 

calculated ZnO average particle diameters for non-annealed and pre-

annealed ZnO nano-particles were 21.8 and 24.0 nm respectively. Little 

crystallite growth by annealing at 600oC is observed from measured 

particle sizes. This is in agreement with absorption and emission spectral 

results.  

Table (2): Peak position and particle size values for different synthetic 
ZnO  systems . 

 

 

 
ZnO Type 

Peak position 
(2θ) deg. 

 
ZnO crystal 

Type 

average particle diameters 
D (nm) 
D=(0.9λ)/(FWHM COSθ) 
  λ = 0.154 nm 

Non-
annealed 
sonicated  

32.1, 34.8, 
36.6, 47.9, 

56.9, and 63.1

Hexagonal 21.8 nm 

Non-
annealed 

32.1, 34.8, 
36.6, 47.9, 

56.9, and 63.1

Hexagonal 21.8 nm 

Annealed at 
600oC 

31.8, 34.6, 
36.3, 47.6, 

56.7, and 63.0

Hexagonal 24.0 nm 
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3.1.2 Sand-Supported ZnO System  

3.1.2.1 X-ray Diffraction (XRD): 

The X-Ray Diffraction patterns were measured for commercial ZnO 

systems supported onto sand. The XRD pattern showed noticeable peaks 

for 250 0C annealed ZnO/Sand systems at 2θ values of 32.1 (100), 34.7 

(002), 36.6 (101), 47.8 (102), 56.9 (110),   and 63.1 (103). For the 450 0C 

annealed system, patters of 2θ values 32 (100), 34.7 (002), 36.5 (101), 47.8 

(102), 56.8 (110), and 63.1 (103) are shown in Figure (3.7). The X-ray 

patterns show a hexagonal crystal type for ZnO. Peaks for SiO2 that present 

hexagonal Quartz at 2θ values of 21.0, 26.7, and 45.9 are also observed. 

 

Figure (3.7):X-ray patterns 250 0C  and 450 0C annealed commercial ZnO/Sand systems. 
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Particle size was calculated using the Scherrer equation where the 

calculated ZnO average particle diameters for commercial ZnO/Sand 

systems annealed at 250 0C and 450 0C were 19.7 and 25.21 nm 

respectively. 

3.1.3 Clay-Supported ZnO System  

3.1.3.1 X-ray Diffraction (XRD): 

The X-Ray Diffraction patterns were measured for commercial ZnO 

systems supported onto clay. The XRD pattern showed noticeable peaks for 

250 0C annealed ZnO/Clay systems at 2θ values of 31.9 (100), 34. 6 (002), 

36.4 (101), 47.7 (102), 56.7 (110), and 63. For the 450 0C annealed system, 

patters of 2θ values 32 (100), 34.7 (002), 36.5 (101), 47.8 (102), 56.8 (110), 

and 63.1 (103) were observed, Figure (3.10). The X-ray patterns show a 

hexagonal crystal type for ZnO. Peaks for Feldspar (K-component) 

K(AlSi3O8) were also observed at 2θ values of 21.1, 27.0, 30.0 and 42.8, 

Figure (3.8). 



33 
 

 

 
Figure (3.8): X-ray diffraction patterns for commercials ZnO/Clay systems annealed at 250 
0C,  and 450 0C. 

Particle size were calculated using the Scherrer equation where the 

calculated ZnO average particle diameters for commercials ZnO/Clay 

systems annealed at 250 0C and 450 0C were 24.06 and 25.21 nm 

respectively. 

3.1.4 AC-Supported ZnO System Annealed and Non-Annealed  

3.1.4.1 X-ray Diffraction (XRD): 

The X-Ray Diffraction patterns were measured for synthetic ZnO 

systems supported onto activated carbon. The XRD pattern showed 

noticeable peaks for non-annealed ZnO/AC systems at 2θ values of 32 

(100), 34.6 (002), 36.5 (101), 47.7 (102), 56.8 (110), and 63 (103) Figure 

(3.11). For the 200 0C annealed system, patters of 2θ values 31.9 (100), 
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34.6 (002), 36.4 (101), 47.7 (102), 56.8 (110), and 63 (103) were observed. 

The X-ray patterns show a hexagonal crystal type for ZnO. A small peak at 

2θ = 44.6 emerged corresponding to AC, Figure (3.11). 

 
Figure (3.9): X-ray diffraction patterns for non-annealed and 250 0C annealed  synthetic 
ZnO/AC system. 

Particle size was calculated using the Scherrer equation. The 

calculated ZnO average particle diameters for synthetic ZnO/AC systems 

for non–annealed and annealed at 200 0C were 20.8 and 23.0 nm 

respectively. 

3.1.4.2 Scanning Electron Microscopy (SEM) 

Field emission scanning electron microscopic/energy dispersive 

spectroscopic (FE-SEM/EDS) studies were conducted on a Jeol 

microscope, (Model JSM-6700F). SEM scanning was performed to 
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investigate the surface morphology of the ZnO/AC particles. Surface 

morphology of the ZnO particles over Activated carbon is depicted in 

Figure (3.10). SEM image shows that the ZnO exists as nano-particles of 

agglomeration flakes with uniform nano-scale thicknesses and random 

length and orientations. The nano-particles are attached to the Activated 

carbon surfaces. The estimated ZnO nano-particle thickness is about ~20 

nm. This is evident from size 1µm scale pictures. 
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Figure (3.10): SEM images for ZnO/AC system showing ZnO flakes at porous AC. 

3.2 Photodegradation Reactions 

3.2.1 ZnO Nano-Particles (Annealed and Non-Annealed) 

ZnO nano-particles prepared by different methods were used for 

photodegradation of neutral 10 ppm methyl orange solution under direct 

solar light (Figure 3.11) and under UV-light (Figure 3.12). The figures 
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show values of remaining contaminant methyl orange concentration 

measured with time.    

 

 
 
Figure (3.11): Solar light photodegradation of methyl orange (10 ppm) in 100 ml neutral 
mixture at room temperature under direct solar light (0.0766 W/cm2),   by different preparation 
methods ZnO nano-particles a) 12 hours mixing annealed at 600 0C b) 5 hours mixing annealed 
at 600 0C  c)by sonication annealed at 600 0C   d) 12 hours mixing non-annealed e) 5 hours 
mixing non annealed. 
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Figure (3.12): UV-light Photodegradation of methyl orange (10 ppm) under UV (0.0032 
W/cm2) at 250C  in a neutral 50 mL mixture by different preparation methods ZnO nano-
particles a) 12 hours mixing annealed at 600 0C b) 5 hours mixing annealed at 600 0C c) by 
sonication annealed at 600 0C   d) 12 hours mixing non-annealed e) 5 hours mixing non-
annealed. 

Turnover number of a heterogeneous photocatalyst, (T.N.), is the 

number of photogenerated transformations with respect to the number of 

active sites of the heterogeneous photocatalyst that is known. 

Quantum yield of a photocatalytic process, (Q.Y.), is the number of 

molecules of a given product formed (alternatively, of a given reactant 

consumed) per photon of incident light at a given wavelength: 

Q.Y = (number of reacted molecules)/(number of incident photons) 

Turnover number (T.N.) and quantum yield (Q.Y.) values were calculated 

after 40 minutes for each catalyst system as shown in Table (3). 
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Table (3): Values of T.N. and Q.Y. for MO degradation using different 
catalyst systems, after 40 min. 

System Under solar light Under UV-light 
T.N. Q.Y. T.N. Q.Y. 

a) 12 hour mixing annealed at 600 0C 0.00278 0.000408 0.00143 0.00501

b) 5 hour mixing annealed at 600 0C 0.00359 0.000526 0.00163 0.00502

c) Sonication annealed at 600 0C 0.00120 0.000175 0.00600 0.02108

d) 12 hour mixing non-annealed 0.00320 0.000468 0.00850 0.00297

e) 5 hour mixing non-annealed 0.00363 0.000533 0.00235 0.00825

From Table (3) and Figures (3.11 and 3.12) the photodegradation of 

methyl orange under solar light is better than under UV lamp light. 

Turnover number values under solar light are greater than under UV lamp 

light. The Q.Y. values were lower under solar light for all systems except 

sonicated ones. For each plot we note that annealing at high temperatures 

(6000C) causes slight increase in reaction rate where turnover number and 

quantum yield values slightly increased as shown in Table (3). On the other 

hand the results show that the five hour mixing are the best methods for 

ZnO preparation. The sonication method is not the favorite choice, where 

the turnover number and quantum yield values are the highest for five 

hours mixing method and the lowest for sonicated one.   

3.2.1.1 Effect of Temperature 

The effect of temperature on the rate of MO degradation using 0.20g nano 

particles of ZnO was studied within the used temperature range (10-40 0C), 

Figure (3.13). Turnover number (and quantum yield) values calculated after 
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40 minutes at different temperature (10, 20, 30, and 40 0C) were: 0.00175 

(30.91 X 10-5), 0.00143 (25.34 X 10-5), 0.0025 (44.29 X 10-5) and 0.00282 

(49.88 X 10-5) respectively. The T.N. and Q.Y.  values indicate that there 

was very little difference in rates between experiments calculated at 

different temperatures. Increasing the temperature showed no significant 

effect on the reaction rate. The value of activation energy was measured for 

the reaction process, using Arrhenius method The value was only 9.0 

KJ/mol. 

 
Figure (3.13): Effect of temperature on photo-degradation of neutral 100 mL solution methyl 
orange (10 ppm) using 0.20 g 5 hours mixing ZnO at: a) 10oC     b) 20oC    c)   30oC    d) 40oC. 
For better temperature control, radiation was conducted using 100 mL thermostated neutral 
solution of methyl orange (10 ppm) under direct solar light (Radiation Intensity 0.0634 W/cm2) 
and naked ZnO ( 0.20 g ). 
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3.2.1.2 Effect of Catalyst Concentration 

The effect of concentration of ZnO on photo-degradation of MO was 

investigated. Different amount of catalyst in the range 0.10 to 0.40 g/100 

ml were used. Figure (3.14) shows reaction profiles for different catalyst 

amounts. 

 Turnover number (and quantum yield) values calculated after 40 

minutes for (0.10, 0.15, 0.20, 0.30, and 0.40)g values were: 0.450 X 10-3 

(0.0671 X 10-3), 1.645 X 10-3 (0.2454 X 10-3), 2.035 X 10-3 (0.3036 X 10-3), 

2.595 X 10-3 (0.3872 X 10-3) and 1.995 X 10-3 (0.4468 X 10-3) respectively. 

The increasing on T.N. and Q.Y. values indicate that the rate increases with 

increasing ZnO amount, to a certain limit. This indicates screening effect 

by ZnO particles. 

 
Figure (3.14): Effect of ZnO catalyst amount on rate of photo-degradation of methyl orange 
(100 ml solution, 10 ppm), at room temperature under neutral conditions using direct solar light 
(radiation intensity 0.0753 W/cm2). ZnO Catalyst amounts were: a) 0.100g,     b) 0.150 g,         
c) 0.200g         d) 0.300g        e) 0.400g . 
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3.2.1.3 Effect of Contaminant Concentration 

Effect of initial MO concentration on initial rate of MO degradation 

was studied under direct solar light. The initial MO concentration was 

varied from 5 ppm to 20 ppm, with constant catalyst loading 0.20 g/100 ml. 

The degradation rate was higher with higher contaminant concentration as 

shown in Figure (3.15). Turnover number (and quantum yield) values 

calculated after 40 minutes at different concentrations of MO (5, 10  and 20 

ppm) were: 1.972 X 10-3 (0.306 X 10-3), 3.247 X 10-3 (0.504 X 10-3) and 

0.775 X 10-3 (0.120 X 10-3) respectively.  The increasing on T.N. and Q.Y. 

values indicate that the rate of photo-degradation increases by increasing 

the contaminant concentration, to a certain limit. This indicates screening 

effect by MO particles. 

 
Figure (3.15): Effect of contaminant concentration on photo-degradation reaction using 0.20 g 
ZnO in 100 mL neutral solution at room temperature under direct solar light (0.0724 W/cm2). 
Methyl orange concentrations were:  a) 5 ppm    b) 10 ppm    c) 20 ppm. 
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3.2.1.4 Effect of Light Concentration 

The effect of light concentration was studied using concaved mirrors. 

The degradation rate was higher with higher light concentration as shown 

in Figure (3.16). Turnover number (and quantum yield) values calculated 

after 40 minutes at direct solar light and concentrated solar light  were: 

2.310 X 10-3 (0.4348 X 10-3) and 4.252 X 10-3 (0.0889 X 10-3) respectively. 

The increasing on T.N. values indicate that the rate of photo-degradation 

increased by increasing the concentration of solar light, where as Q.Y. 

values were lowered. 

 
Figure (3.16): Effect of light concentration on photo-degradation of neutral 100 mL solution 
methyl orange (10 ppm) using 0.20 g ZnO: a) under direct solar light (Radiation Intensity 
0.0597 W/cm2). b) concentrated solar light (Radiation Intensity 0.179 W/cm2). 
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3.2.2 Sand-Supported ZnO System (Annealds and Non-Annealds) 

3.2.2.1 Effect of pH 

Effect of pH on reaction rates of methyl orange degradation with 

direct solar light and UV-light lamp were investigated. The efficiency of 

ZnO/Sand system in photo-degradation of methyl orange, with UV-light 

lamp Figure (3.17) and with solar light Figure (3.18), was investigated at 

different pH values. Using UV-light lamp Turnover number (and quantum 

yield) values calculated after 40 minutes at different pH values (7, 9 and 

11) were: 2.820 X 10-3 (99.050 X 10-4), 1.325 X 10-3 (46.540 X 10-4) and 

1.050 X 10-3 (36.880 X 10-4) respectively. The decreasing on T.N. and Q.Y. 

values indicate that the rate of photo-degradation decreases by increasing 

basicity. Using solar light,  Turnover number (and quantum yield) values 

calculated after 40 minutes at pH values (3, 5, 7, 9 and 11) were: 0.220 X 

10-3 (3.4354 X 10-4), 3.245 X 10-3 (5.0673 X 10-4 ), 4.055 X 10-3 (6.3321 X 

10-4 ), 1.775 X 10-3 (2.7718 X 10-4 ) and 1.625 X 10-3 (2.538 X 10-3) 

respectively. According to previous studies, pH plays an important role in 

the photo-degradation process of various pollutants [56-62]. For the 

ZnO/Sand system, the increasing on T.N and Q.Y. values as pH increased 

from 3 to 7 and become decreased in basic medium (pH > 7) indicate that 

photo-degradation efficiency increased were at pH 7 the maximum photo-

degradation was achieved. In neutral solutions the reaction rates and the 

turnover number values were higher than in basic or acidic solutions for 
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both types, The photo-degradation was faster under solar light than under 

UV  lamp light.  

 
Figure (3.17): Effect of pH on rate of methyl orange degradation reaction. under UV-light 
(0.0032 W/cm2). All reactions were conducted at room temperature in a 50 ml solution of 
methyl orange (10 ppm) using 1.00g ZnO/Sand.   The pH values were:  a) 7   b) 9   c) 11 
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Figure (3.18): Effect of pH on rate of methyl orange degradation reaction. under direct solar 
light (0.072 W/cm2). All reactions were conducted at room temperature in a 100 ml solution of 
methyl orange (10 ppm) using 1.00g ZnO/Sand.   The pH values were:  a) 3   b) 5    c) 7   d) 9   
e) 11 

3.2.2.2 Effect of Temperature 

The effect of temperature on the rate of MO degradation using 

ZnO/Sand system was studied within the temperature range 10-40 0C. 

Turnover number (and quantum yield) values calculated after 40 minutes at 

different temperature values (10, 20, 30, and 40 0C), Figure (3.19), were: 

0.6950 X 10-3 (1.0369 X 10-4), 1.010 X 10-3 (1.5069 X 10-4), 1.235 X 10-3 

(1.8426 X 10-4) and 3.875 X 10-3 (5.7813 X 10-4) respectively.  The 

increasing on T.N. and Q.Y. values indicate that increasing temperature 

causes slight increase in the reaction rate. The low calculated value of 

activating energy (Eact = 23 KJ/mol) further confirms that. The little 

enhancement of photodegradation is probably due to the increasing 
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collision frequency of molecules. Irradiation is believed to be the primary 

source of e–/h+ pairs at ambient temperature because the band gap Ebg is too 

high to overcome by thermal excitation [63] as will be discussed later. 

   
Figure (3.19): Effect of temperature on photo-degradation of neutral 100 mL solution methyl 
orange (10 ppm) using 1.00 g ZnO/Sand at: a) 10oC     b) 20oC    c)   30oC    d) 40oC. For better 
temperature control, experiment were conducted in a thermostated reactor using radiation 
intensity 0.0753 W/cm2. 
 

3.2.2.3 Effect of Catalyst Concentration  

The effect of concentration of ZnO/Sand on photo-degradation of methyl 

orange was investigated by varying ZnO/Sand amount from 0. 5 to 2 g/100 

ml of methyl orange solution with concentration of 10 ppm. Turnover 

number (and quantum yield) values calculated after 40 minutes for (0.5, 

0.75, 1.0, 1.5, and 2.0)g were: 1.30 X 10-3 (0.2236 X 10-3), 1.38 X 10-3 

(0.2374 X 10-3), 1.75 X 10-3 (0.3002 X 10-3), 1.45 X 10-3 (0.2495 X 10-3) 

and 0.95 X 10-3 (0.1634 X 10-3) respectively. The increasing on T.N. and 
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Q.Y. values indicate that the efficiency of reaction increased with 

increasing catalyst amount to a certain limit. Figure (3.20) shows little 

change in rate by changing catalyst. In fact rate relatively decreased with 

higher catalyst nominal concentrations were Sand particles cause shielding 

of radiations and prevent them from reaching ZnO surface In case of 

Sand/ZnO surface, it is assumed that particles on the upper side of reaction 

mixture only are effectively exposed to UV light. Excessive shielding may 

lower overall efficiency of the supported catalyst.  

 
 
Figure (3.20): Effect of ZnO/Sand catalyst amount on rate of photo-degradation of methyl 
orange (100 ml solution, 10 ppm), at room temperature under neutral conditions using direct 
solar light (radiation intensity 0.0653 W/cm2). Catalyst ZnO/Sand amounts were:     a) 0.50g,    
b) 0.75 g,    c) 1.00 g,    d) 1.50 g   e) 2.00 g. 
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3.2.2.4 Effect of Contaminant Concentration  

Effect of initial MO concentration on initial rate of degradation was 

studied under direct solar light. The initial MO concentration was varied 

from 5 ppm to 30 ppm, with constant ZnO/Sand catalyst amount 1.0 g/100 

ml. The degradation rate was higher with increasing contaminant 

concentration, , to a certain limit as shown in Figure (3.21). T.N. values 

(and quantum yield) calculated after 40 minutes for different concentrations 

of MO (5, 10, 20  and 30 ppm) were: 0.799 X 10-3 (0.122 X 10-3), 2.99 X 

10-3 (0.455 X 10-3), 1.84 X 10-3 (0.278 X 10-3) and 0.795 X 10-3 (0.121 X 

10-3) respectively. The increasing on T.N. and Q.Y. values indicate that the 

rate of photo-degradation increases by increasing the contaminant 

concentration, to a certain limit. This indicates screening effect by MO 

particles. The efficiency did not decreased with increasing methyl orange 

concentration.  

 
Figure (3.21):  Effect of contaminant concentration on photo-degradation reaction using 1.00 g 
ZnO/Sand in 100 mL neutral solution at room temperature under direct solar light (0.0739 
W/cm2). Methyl orange concentrations were:  a) 5 ppm b) 10 ppm    c) 20 ppm     d) 30 ppm    
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3.2.2.5 Effect of Light Concentration  

The effect of light concentration was studied. The degradation rate 

was higher with higher light concentration as shown in Figure (3.22). 

Turnover number (and quantum yield) values calculated after 40 minutes 

under direct solar light and concentrated solar light  were: 2.36 X 10-3 

(0.3837 X 10-3) and 4.502 X 10-3 (0.08132 X 10-3) respectively. The 

increasing in T.N. values indicate that the rate of photo-degradation 

increased by increasing the concentration of solar light, where as Q.Y. 

values were lowered. 

 
Figure (3.22): Effect of light concentration on photo-degradation of neutral 100 mL solution 
methyl orange (10 ppm) using 1.00g ZnO/Sand: a) with direct solar light (Radiation Intensity 
0.069 W/cm2).  b) Concentrated solar light (Radiation Intensity 0. 207 W/cm2). 
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3.2.3 Clay-Supported ZnO System (Annealed and Non-Annealed) 

1.00g of clay-supported ZnO system (0.200 g ZnO )  annealed at 

different temperatures were compared for photodegradation of 100 ml 

neutral solution  methyl orange with 10 ppm concentration under direct 

solar light are shown in Figure (3.23). T.N. values were calculated after 40 

minutes for ZnO/Clay system with different annealing temperatures (250, 

and 450 ºC).Turnover number (and quantum yield) values are: 2.80 X 10-3 

(0.4256 X 10-3), and 3.26 X 10-3 (0.4955 X 10-3) respectively.  The 

increasing on T.N. and Q.Y. values indicate that the efficiency of photo-

degradation increased by increasing the calcination temperature of 

ZnO/Clay system. 

 
Figure (3.23): Effect of ZnO/Clay annealing on photo-degradation of neutral 100 mL solution 
methyl orange (10 ppm) using 1.00g ZnO/Clay under direct solar light (Radiation Intensity 
0.0737 W/cm2). : a) 250 ºC   b) 450 ºC. 
  



52 
 

 

3.2.3.1 Effect of Temperature 

The effect of temperature on the rate of methyl orange degradation 

using 1.00 g of ZnO/Clay system was studied within the temperature range, 

10-40 0C. Turnover number values were calculated after 40 minutes at 

different temperature values (10, 20, 30, and 40 0C) Figure (3.24). Turnover 

number (and quantum yield) values were: 1.66 X 10-3 (8.5775 X 10-4), 

2.525 X 10-3 (9.204 X 10-4), 3.555 X 10-3 (11.3304 X 10-4) and 3.65 X 10-3 

(12.184 X 10-4) respectively. The increasing on T.N. and Q.Y. values 

indicate that increasing temperature causes slight increase the reaction 

efficiency. The low calculated value of activating energy (Eact = 15 KJ/mol) 

indicate that the rate is only slightly enhanced with increasing the 

temperature of the reaction as the Figure (3.24) shows. 

 
Figure (3.24): Effect of temperature on photo-degradation of neutral 100 mL solution methyl 
orange (10 ppm) using 1.00 g ZnO/Clay at: a) 10oC     b) 20oC    c)   30oC    d) 40oC. For better 
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temperature control, radiation was conducted inside thermostated solution of methyl orange 
under direct solar light (Radiation Intensity 0.0674 W/cm2)  

3.2.3.2 Effect of Catalyst Concentration  

The effect of concentration of ZnO/Clay on photo-degradation of 

methyl orange was investigated by varying ZnO/Clay amount from 0.50 to 

2.00 g/100 ml of methyl orange solution with concentration of 10 ppm. The 

rate of reaction increased with increasing catalyst amount as shown in 

Figure (3.25). Turnover number (and quantum yield) values calculated after 

40 minutes for (0.50, 0.75, 1.00, 1.50, and 2.00)g as ZnO values were: 

1.625 X 10-3 (0.30587 X 10-3), 2.115 X 10-3 (0.3981 X 10-3), 2.215 X 10-3 

(0.4169 X 10-3), 2.31 X 10-3 (0.4348 X 10-3) and 2.7 X 10-3 (0.5082 X 10-3) 

respectively. The T.N. and Q.Y. values indicate that the rate catalyst 

efficiency did not decrease as catalyst amount increased.  

 
Figure (3.25): Effect of ZnO/Clay catalyst amount on rate of photo-degradation of methyl 
orange (100 ml solution, 10 ppm), at room temperature under neutral conditions using direct 
solar light (radiation intensity 0.0597 W/cm2). ZnO/Clay Catalyst amounts were:     a) 0.50g,       
b) 0.75 g,    c) 1.00 g,    d) 1.50 g   e) 2.00 g. 
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3.2.3.3 Effect of Contaminant Concentration  

Effect of initial MO concentration on initial rate of degradation was 

studied under direct solar light. The initial MO concentration was varied 

from 5 ppm to 30 ppm, with constant ZnO/ Clay catalyst amount 1.00 

g/100 ml. The degradation rate was higher with contaminant concentration 

as shown in Figure (3.26). Turnover number (and quantum yield)  values 

calculated after 40 minutes at different concentrations of MO (5, 10, 20  

and 30 ppm) were: 1.80 X 10-3 (0.288 X 10-3), 2.62 X 10-3 (0.419 X 10-3), 

3.60 X 10-3 (0.576 X 10-3), and 2.16 X 10-3 (0.345 X 10-3) respectively. The 

increasing on T.N. and Q.Y. values indicate that the rate of photo-

degradation increases by increasing the contaminant concentration, to a 

certain limit. This indicates screening effect by MO particles. The 

efficiency did not decreased with increasing methyl orange concentration.   

 
Figure (3.26): Effect of contaminant concentration on photo-degradation reaction using 1.00 g 
ZnO/Clay in 100 mL neutral solution at room temperature under direct solar light (0.0703 
W/cm2). Methyl orange concentrations were: a) 5 ppm b) 10 ppm   c) 20 ppm   d) 30 ppm. 
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3.2.3.4 Effect of Light Concentration  

The effect of light concentration on ZnO/Clay catalysed 

photodegradation was studied. The degradation rate was higher with higher 

light concentration as shown in Figure (3.27). Turnover number (and 

Quantum yield) values calculated after 90 minutes under direct solar light 

and concentrated solar light were: 1.98 X 10-3 (0.2905 X 10-3) and 3.36 X 

10-3 (0.05477 X 10-3) respectively. The increasing in T.N. values indicate 

that the efficiency of photo-degradation increased by increasing the 

concentration of solar light, where as Q.Y. values were lowered. 

 
Figure (3.27): Effect of light concentration on photo-degradation of neutral 100 mL solution 
methyl orange (10 ppm) using 1.00g ZnO/Clay: a) under direct solar light (Radiation Intensity 
0.0766 W/cm2).  b) Concentrated solar light (Radiation Intensity 0. 2297 W/cm2). 
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3.2.4   AC-Supported ZnO System (Annealed and Non-Annealed)  

Control experiments were conducted using aqueous methyl orange 

solutions, in the absence of light and in the absence of catalyst. Control 

experiments were also conducted using aqueous methyl orange solutions in 

the absence of catalyst while using activated carbon (AC). It was found that 

in all photolysis experiments, carried out with no catalyst, or no light, no 

methyl orange concentration loss occurred after prolonged time when 

naked ZnO was used. ZnO/AC system exhibited adsorption of methyl 

orange onto the AC surface, which accounted for about 17 ppm of 

contaminant concentration on the AC surface (0.02 g). This adsorption was 

considered while conducting photodegradation experiments. 

3.2.4.1 Effect of Temperature  

Methyl orange (50 ppm) degradation was studied using 0.120 g of 

AC/ZnO system at different temperatures, as shown in Figure (3.28). 

Turnover number (and quantum yield) values calculated after 40 minutes at 

different temperature values (10, 20, 30, and 40 0C) were: 1.66 X 10-3 

(8.5775 X 10-4), 2.525 X 10-3 (9.204 X 10-4), 3.555 X 10-3 (11.3304 X 10-4) 

and 3.65 X 10-3 (12.184 X 10-4) respectively. The increasing on T.N. and 

Q.Y. values indicate that increasing temperature causes slight increase in 

the reaction efficiency. The low calculated value of activating energy  

(Eact= 8 KJ/mol)  indicate that the rate is only slightly enhanced with 

increasing the temperature of the reaction as the Figure (3.28) shows. 
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Figure (3.28): Effect of temperature on photo-degradation of neutral 100 mL solution methyl 
orange (50 ppm) using 0.120 g ZnO/AC at: a) 10oC     b) 20oC    c)   30oC    d) 40oC. For better 
temperature control, radiation was conducted inside thermostated solution of methyl orange 
under direct solar light (Radiation Intensity 0.0724 W/cm2)  

3.2.4.2 Effect of Catalyst Concentration 

The methyl orange degradation reaction was studied using different 

ZnO/AC nominal amounts from 0.072 to 0.144 g/100 ml methyl orange 

solution with concentration of 50 ppm. Turnover number (and quantum 

yield) values calculated after 40 minutes for 0.072, 0.096, 0.120 and 0.144g 

were: 0.650 X 10-3 (0.1090 X 10-3), 3.25 X 10-3 (0.5451 X 10-3), 8.50 X 10-3 

(1.426 X 10-3) and 7.50 X 10-3 (1.259 X 10-3) respectively. The T.N. and 

Q.Y. values indicate that the efficiency of reaction increased with 

increasing catalyst amount. Were the rate increased as shown in Figure 

(3.29). At higher catalyst nominal concentrations the rate decreased.  
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Figure (3.29): Effect of ZnO/AC catalyst amount on rate of photo-degradation of methyl 
orange (100 ml solution, 50 ppm), at room temperature under neutral conditions using direct 
solar light (radiation intensity 0.067 W/cm2). ZnO/AC Catalyst amounts were: a) 0.072g,  b) 
0.096 g, c) 0.120 g,  d) 0.144 g  
 
3.2.4.3 Effect of Contaminant Concentration  

Effect of initial methyl orange concentration on initial rate of 

degradation was studied under direct solar light. The initial MO 

concentration was varied from 20 ppm to 50 ppm, with constant ZnO/AC 

catalyst amount 0.120 g/100 ml. The degradation rate was higher with 

contaminant concentration as shown in Figure (3.30). 
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Figure (3.30): Effect of contaminant concentration on photo-degradation reaction using 0.120g 
ZnO/AC in 100 mL neutral solution at room temperature under direct solar light (0.0634 
W/cm2). Methyl orange concentrations were:  a) 20 ppm    b) 30 ppm   c) 40 ppm   d) 50 ppm. 

 

3.2.4.4 Effect of Light Concentration  

The effect of light concentration was studied for ZnO/AC catalysed 

photodegradation. The degradation rate was slightly higher with higher 

light concentration as shown in Figure (3.31). Turnover number values 

(and quantum yield) values calculated after 90 minutes under direct solar 

light and concentrated solar light were: 14.29 X 10-3 (2.394 X 10-3) and 

17.80 X 10-3 (0.995 X 10-3) respectively. The increasing in T.N. values 

indicate that the efficiency of photo-degradation increased by increasing 

the concentration of solar light, where as Q.Y. values were lowered. 
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Figure (3.31): Effect of light concentration on photo-degradation of neutral 100 mL solution 
methyl orange (50 ppm) using 0.120g ZnO/AC: a) direct solar light (Radiation Intensity 0.067 
W/cm2).   b) Concentrated solar light (Radiation Intensity 0.201 W/cm2). 

 

3.2.5 Thin Film ZnO System 

3.2.5.1 Effect of Light Concentration  

The effect of light concentration was studied for thin film ZnO 

system catalysed photodegradation was studied. The degradation rate was 

higher with higher light concentration as shown in Figure (3.32).  
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Figure (3.32): Effect of light concentration on photo-degradation of neutral 100 mL solution 
methyl orange ([1] 10 ppm, [2] 20 ppm) using  ZnO thin film: a) direct solar light (Radiation 
Intensity 0.067 W/cm2).   b) Concentrated solar light (Radiation Intensity 0.201 W/cm2). 
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CHAPTER 4 

DISCUSSIONS 

4.1 General 

Both commercial (microscale) and synthetic (nanoscale) ZnO 

particles catalyzed photodegradation of methyl orange (MO) in aqueous 

media. Different parameters were investigated in this study. Effect of 

nature of light was studied. Effect of pH was studied, and the neutral 

medium showed better activity, thus pH 7 was used unless otherwise stated. 

Type of ZnO particles showed little effect. Supporting ZnO onto AC 

increased the rate of the reaction. Results presented in chapter 3 are 

discussed here. 

4.2 Photoluminescence for ZnO Systems:   

The photoluminescence Emission spectra for synthetic ZnO systems, 

are shown in Table (4) below. 

Table (4) Photoluminescence emission spectral wavelength values for 
ZnO systems. 
 
ZnO system Synthetic 

non-annealed

Sonicated 

synthetic 

non-annealed

Commercial 

non-annealed 

Synthetic 

Annealed at 

600 0C 

Wavelength 
Spectra 

(nm) 

395 390 400 397 
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It is observed that the commercial ZnO has the longest emission 

wavelength due to its larger particle size. The sonication decreased the 

particle size compared to non-sonicated one, so the wave length became 

shorter. Finally it is observed that the annealed system had longer wave 

length because  annealing  increased the particle size by sintering. This is 

consistent with earlier literature [64-66]. 

 4.3 X-ray Diffraction (XRD) : 

Table (5) :Particle size values for different synthetic ZnO  systems . 

1) Synthetic ZnO Average particle 
diameters D (nm) 

a) Non-annealed sonicated 21.8 
b) Non-annealed non- sonicated 21.8 
c) Annealed non- sonicated 24 

2) ZnO/sand system 
Commercial ZnO supported onto sand. 

 

a) Annealed at 250 0C  19.7 
b) Annealed at 450 0C 25 

3) ZnO/Clay system 
Commercial ZnO supported onto clay. 

 

a) Annealed at 250 0C  24 
b) Annealed at 450 0C 25.2 

4) ZnO/AC system 
Synthatic ZnO supported onto activating 
carbon 

 

a) Non-anealed 20.8 
b) Annealed at 200 0C 23 

XRD spectra for all systems resemble each other, as explained in 

sections (3.1.1.3), (3.1.2.1), (3.1.3.1) and (3.1.4.1) with only small shifting. 

The dominant crystal structure was hcp. From the XRD analyses and the 

Scherrer equation, we observed that  annealing increased particle diameter 
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D as summarized in Table (5). The particle size become larger for annealed 

systems compared to their non-annealed counterparts. 

We used commercial ZnO (230 nm) to be attached to sand and clay 

particles. During mixing in aqueous solution, the ZnO became in 

equilibrium with ZnO(OH)2. In the vaporization process the ZnO(OH)2 

reformed ZnO nano-particles to have smaller size in range (20-25 nm). 

This result is confirmed by XRD patterns as summarized in Table (5). 

4.4 SEM Results: 

SEM images were recorded for ZnO/AC (synthetic) system only. 

The images indicate that ZnO particles were flake-shaped particles with 

uniform thickness of 21 nm thickness. This value confirms that obtained 

from XRD results in section (3.1.4.1) showing average diameter of about 

21 nm. 

4.5 Photocatalytic Degradation of MO: 

Figures (3.11) and (3.12) showed that the reaction rate under direct 

solar light was greater than under UV-lamp light. This was due to the 

concentration of photons that reach the surface of catalyst. This is due to 

low working power of the lamp giving only line spectra at certain 

wavelengths as shown in Fig.(2.2). Annealing slightly enhanced the 

catalyst efficiency. The time of stirring during catalyst preparation also 
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affected rate of photocatalysis reaction. This is consistent with earlier 

studies [67]. 

4.5.1 pH Effect. 

According to earlier studies, pH plays an important role in the photo-

degradation process of various pollutants [56-62]. For the ZnO/Sand 

system a high increase in photo-degradation was observed as pH increased 

from 3 to 7, and then decreased above pH 7. At pH 7 the maximum photo-

degradation efficiency was achieved. The low initial reaction rates under 

acidic or basic conditions are due to dissolution and photodissolution of 

ZnO see Fig (3.20) [68].  The ZnO exhibits amphoteric behavior. At acidic 

pH, ZnO can react with acids to produce the corresponding salt, where at 

alkaline pH, it reacts with a base to form complexes like [Zn (OH)4]2-. So in 

neutral solutions the reaction rates and the turnover number values were 

higher than in basic or acidic solutions for both types. 

4.5.2 Effect of Photoreaction Temperature. 

Using the Arrhenius equation, values of activation energy were 

measured.  Low values of activation energy were found for synthetic ZnO 

nano-particle powder, for ZnO/Clay and ZnO/AC systems. The values were 

only 8.90, 14.7 and 7.90 KJ/mole respectively.  

Unlike thermal catalytic reactions, photo-degradation reactions are 

known to be insensitive to temperature [69]. Photochemical degradation 
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reactions, using high band gap semiconductor (SC) catalysts, normally 

have rates that are known to be independent of temperature [70-71].  

Energy provided by heating is relatively small; heating to 40oC (313 K) 

provides only a fraction of an electron volt, which is far less than needed to 

excite the high-band gap ZnO. Moreover, at higher temperatures, 

contaminant molecules may become more desorbed away from catalyst 

surface, which lowers the reaction rate [72].  Higher temperatures are also 

responsible for removal of oxygen from the reaction mixture which is 

necessary for contaminant oxidation [73]. 

The highest activation energy observed was for ZnO/Sand system 

with 23 KJ/mol value. The little enhancement of photodegradation is 

probably due to increasing collision frequency of molecules. Irradiation is 

believed to be the primary source of e–/h+ pairs at ambient temperature 

because the band gap Ebg is too high to overcome by thermal excitation 

[63]. 

4.5.3 Effect of Catalytic Concentration. 

For synthetic ZnO nano-particle powder the T.N. and Q.Y. values 

show that the efficiency increased with increasing ZnO amount. At higher 

concentrations the rate decreased. This is due to screening effect by ZnO 

particles causing reduction in light penetration inside solution and a 

consequent rate decrease [74]. For ZnO/Sand and ZnO/AC systems the rate 

decreased with higher catalyst nominal concentrations. This is because 
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sand and activated carbon particles cause shielding of radiations and 

prevent them from reaching ZnO surface. In case of ZnO/Sand surface, it is 

assumed that only particles on the upper side of reaction mixture are 

effectively exposed to suitable UV light. This should lower overall 

efficiency of the supported catalyst as shown in Figures (3.20) and (3.29). 

For ZnO/Clay system the rate of reaction increased with increasing of 

catalytic amount as shown earlier in Figure (3.25). 

4.5.4 Effect of Contaminant Concentration. 

For synthetic ZnO nano-particle powder the T.N. values show that 

the rate of photo-degradation increases by increasing the contaminant 

concentration, to a certain limit. This indicates screening effect by MO 

particles. For ZnO/Sand and ZnO/Clay systems the rate of photo-

degradation increases by increasing the contaminant concentration, to a 

certain limit. This indicates screening effect by MO particles as shown in 

Figures (3.21) and (3.26). This is consistent with earlier studies [75-78].  

4.5.5 Effect of Light Concentration. 

From T.N. values, Figures (3.16), (3.22), (3.27) and (3.31), indicate 

that the rate of photo-degradation increased by increasing the concentration 

of solar light for all studied ZnO systems. This is consistent with earlier 

studies [31, 79-80]. It should be noted that the Q.Y. values slightly 

decreased, which is possibly due to loss of incident photons where the 
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overall quanta of light absorbed by any photocatalyst or reactant is given 

by: 

Q.Y = (number of reacted molecules)/(number of incident photons) 

Where the number of reacted molecules accounts for moles of methyl 

orange (MO) consumed and the number of incident photons relates to the 

amount of photons at wavelength λ absorbed by ZnO systems. 

The light scattering in solid–liquid regimes is particularly significant. 

Q.Y. is thus experimentally difficult to determine as metal oxides in a 

heterogeneous regime including catalyst cannot absorb all the incident 

radiation due to refraction [81]. Another factor which limits photonic 

efficiency (ζr) is the thermal recombination between electrons and holes 

[82]. For these reasons, it is argued that references to Q.Y. or efficiency in 

heterogeneous system are not advised despite previous use of the term by 

previous references [83-84]. 

4.6 Effect of Annealing 

Annealing at (250 and 450) 0C for ZnO/Clay and ZnO/Sand systems, 

at 200 0C for ZnO/AC, and at 600 0C for synthetic zinc oxide, under air 

pressure was conducted from T.N. values, Figures (3.11), (3.12), and 

(3.23), indicate that the annealing increased efficiency for all ZnO systems. 

This is because the energy gap of ZnO decreases with increasing annealing 

temperature, and threshold absorption wavelength increases, since size of 
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the ZnO particle increase with increasing annealing temperature. It can thus 

be concluded that photocatalytic activity of ZnO is enhanced with higher 

annealing temperature. The enhanced photocatalytic activity of  ZnO might 

be ascribed to the increase of grain size and the oxygen defect density. This 

is consistent with earlier studies [64]. 

With increasing of annealing temperature, the average size of 

ZnO nanoparticles increased. The bonding structure of acetate groups 

coordinating with zinc ions evolved from unidentate to bidentate type, 

cause photocatalytic stability in the whole catalytic process for the stable 

bidentate bonding type of acetate groups [61].  From earlier studies particle 

size of ZnO powder were found to increase with increasing the enthalpy 

density, and high-temperature residence time during preparation and 

improved crystalline quality of ZnO nanoparticles  [66]. 

 

 

 

 

 

 

 



70 
 

 

CONCLUSIONS: 

1- Different types of naked and supported nano ZnO particles were 

prepared and characterized. All systems showed catalytic activity in 

methyl orange photodegradation.  

2- Supporting the ZnO onto activated carbon enhanced the 

photodegradation reaction rates. 

3- Solar light showed higher efficiency than UV-light lamp. 

4- Under neutral conditions (pH=7) the photodegradation process was 

faster than either acidic or basic conditions.  

5- Annealing the catalyst enhanced the reaction rates for all 

photodegradation systems. 

6-   Contaminant molecule adsorb onto activated carbon and clay but 

not on sand supports.  

7- Methyl orange photodegradation rate increased with increasing solar 

light concentration, but quantum yield values decreased.  
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  SUGGESTIONS FOR FURTHER WORK: 

1- Degrade other water contaminants, such as drug formulations, 

fertilizers, chlorinated hydrocarbons, insecticides, pesticides, 

phenols and others using ZnO/AC, ZnO/Sand, and ZnO/Clay 

systems.  

2- Use photodegradation process of ZnO systems in purification of soil 

and air. 

3- Use thin films of ZnO on glass, plastic and ceramic in 

photodegradation of water contaminants. 

4-  Applying thin film ZnO system in photodegradation more water 

organic contaminants. 
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  الملخص 

واسѧعة نسѧبياً ،   Energy Band)(تلѧك فجѧوة طاقѧة إن أكسѧيد الزنѧك مѧن أشѧباه الموصѧلات التѧي تم

إلѧѧѧى حزمѧѧѧة التوصѧѧѧيل  Valence Band )( وحتѧѧѧى تنتقѧѧѧل الالكترونѧѧѧات مѧѧѧن حزمѧѧѧة التكѧѧѧافؤ 

)Conducting Band (جيةѧوق البنفسѧѧبياً فѧѧيرة نسѧامواج قصѧѧوء بѧى ضѧѧة إلѧѧا بحاجѧن . فإنھѧѧذا ومѧѧھ

ختلفѧѧѧة لعѧѧدة أسѧѧѧباب، آخѧѧѧذين المناسѧѧب اسѧѧѧتخدام الطاقѧѧة الشمسѧѧѧية فѧѧي التحطѧѧѧيم الضѧѧѧوئي لملوثѧѧات م

أن جѧѧزءاً يسѧѧيراً مѧѧن الإشѧѧعاع الشمسѧѧي الѧѧذي يصѧѧلنا يمتلѧѧك امواجѧѧا ضѧѧمن الأشѧѧعة فѧѧوق بالاعتبѧѧار 

إن القѧѧدرة العاليѧѧة لأكسѧѧيد الزنѧѧك علѧѧى امتصѧѧاص الأشѧѧعة فѧѧوق البنفسѧѧجية تجعلѧѧه فعѧѧالاً . البنفسѧѧجية

  . للاستخدام في التحطيم الضوئي، علاوة على كونه رخيص الثمن ومتوفراً ولا يشكل خطورة 

أكسيد الزنك المنفرد  والمثبت على سطوح الرمѧل والفخѧار والكربѧون كحفѧاز ضѧوئي  لقد تم استخدام

بضѧѧوء الشѧѧمس المباشѧѧر و باسѧѧتخدام لمبѧѧات الأشѧѧعة , فѧي تحطѧѧيم ملѧѧوث مѧѧن صѧѧبغة الميثيѧѧل البرتقѧالي

وقد تم استخدام مطيافية الضوء المرئي وفوق البنفسجي و قياسات مطيافية الѧوميض . فوق البنفسجية

شѧѧعة السѧѧينية وصورالميكروسѧѧكوب الإلكترونѧѧي الماسѧѧح فѧѧي تحليѧѧل أكسѧѧيد الزنѧѧك المنفѧѧرد وتمثيѧѧل الأ

ثѧم تمѧت دراسѧة سѧرعة تفاعѧل التحطѧيم الضѧوئي تحѧت ظѧروف مختلفѧة مѧن , والمثبت على  الأسطح

حيѧѧث درجѧѧة الحموضѧѧة ودرجѧѧة الحѧѧرارة وتركيѧѧز الحفѧѧاز وتركيѧѧز الملѧѧوث عѧѧلاوة علѧѧى تركيѧѧز شѧѧدة 

تبѧين أن سѧرعة التفاعѧل كانѧت أفضѧل فѧي المحلѧول المتعѧادل . ونوع المثبتوطبيعة الحفاز , الإضاءة

كذلك فإن زيادة كمية الحفاز عملѧت علѧى زيѧادة سѧرعة تفاعѧل , منھا في الوسط الحمضي أو القاعدي

أمѧا . التحطيم حتى كميات محѧددة وعنѧد إضѧافة كميѧات إضѧافية لѧم يلاحѧظ زيѧادة اخѧرى فѧي السѧرعة

وبالنسѧبة لزيѧادة درجѧة حѧرارة وسѧط . أدّت إلى زيѧادة معѧدل سѧرعة التفاعѧلزيادة تركيز الملوث فقد 

. التفاعل فقد أظھرت تأثيرا قليلا في سرعة التفاعل وذلك بسبب صغر طاقة التنشيط التѧي تѧم حسѧابھا

. ھѧѧذا وقѧѧد تѧѧم تسѧѧريع عمليѧѧة التحطѧѧيم عѧѧن طريѧѧق تركيѧѧز الضѧѧوء الشمسѧѧي باسѧѧتخدام المرايѧѧا المقعѧѧّرة
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التجارية والمحضرة حيث عملت جميعѧا علѧى  ZnOد تم دراسة أنواع مختلفة من علاوة على ذلك فق

أما أكسيد الزنك المثبتّ على الكربѧون المنشѧط فقѧد أظھѧر . تحطيم كامل للملوث بعد فترة زمنية كافية

وتبѧينّ كѧذلك أنѧه يمكѧن تحسѧين فعاليѧة . أفضل فعالية من بين الحفازات المستخدمة في تحطيم الملѧوث

بنѧاء علѧى ذلѧك فقѧد تѧم التوصѧل الѧى خلاصѧة مفادھѧا ان اكسѧيد . بواسطة شوائه قبل اسѧتخدامهالحفاز 

الزنѧѧك يصѧѧلح للاسѧѧتخدام كحفѧѧاز فѧѧي تحطѧѧيم الملوثѧѧات العضѧѧوية قѧѧي المѧѧاء بواسѧѧطة الاشѧѧعة الشمسѧѧية 

  .المباشرة

  

  

  

  

  

  

  

  

  

  

 




