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Abstract of thesis presented to the Senate of Universiti Putra Malaysia in fulfilment

of the requirement for the degree of (Master of Science)

VISIBLE-LIGHT PHOTODEGRADATION OF NITROBENZENE BY

MICROWAVE SYNTHESIZED ZnO

AND ITS NANOCOMPOSITES Ag/ZnO AND Cu/ZnO

By

HAUWA ALIYU SIDI

December, 2014

Chairman: Associate. Professor. Dr. Abdul Halim Abdullah, Ph.D.

Faculty: Science

ZnO and Ag/ZnO was successfully synthesized using the microwave extraction irradi-

ation at low temperature of 90oC and power of 120 Watt while Cu/ZnO was produced

at 240 Watt after 15 minutes. The synthesized nanopowders were characterized

by X-ray diffraction (XRD), Transmission electron microscopy (TEM), Field Emission

Scanning Electron Microscopy (FESEM) and X-ray Fluorescence (XRF). The band

gaps energy of the nanocomposites were from absorption data obtained from UV-

Vis-NIR spectroscopy. All the samples indicated the synthesized nanocomposites

showed hexagonal ZnO structure. The average crystallite sizes of the composites

estimated using Scherrer’s equation was found to be less than 100 nm which is

smaller than the actual particle sizes in the images obtained from transmission elec-

tron microscopy (TEM) analysis which were found to be below 200 nm with rod-like

particle and this is true since in the actual sense crystallite size are expected to

be small than particle size because it is group of crystallite particles that composes

the crystalline material forming particle. The elemental composition of the samples

were confirmed through EDX and XRF analysis. The photodegradation efficiency

of the synthesized nanocomposites was evaluated by employing nitrobenzene as a

model organic pollutant. Adsorption study was carried out in order to establish the

adsorption-desorption equilibrium. And the maximum adsorption time was found to

be 45 minutes with maximum catalyst load of 0.25 g for ZnO and Cu/ZnO and 0.5 g

for Ag/ZnO. The efficiency of all the MW-synthesized nanocomposites was found to

be higher than the commercial ZnO. Ag/ZnO was found to have the highest efficiency

of 96.47% after 2 hours of photodegradation and adsorption process.
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FOTODEGRADISI NITROBENZENA DIBAWAH CAHAYA NAMPAK OLEH ZnO

DAN NANOKOMPOSITNYA Ag/ZnO DAN Cu/ZnO YANG DISINTESIS

DENGAN GELOMBANG MIKRO

Oleh

HAUWA ALIYU SIDI

Disember, 2014

Pengerusi: Prof. Madya. Dr. Abdul Halim Abdullah, Ph.D.

Fakulti: Sains

ZnO dan Ag/ZnO telah berjaya di sintesis menggunakan sinaran gelombang mikro

pada suhu rendah iaitu 90oC dan kuasa sebanyak 120 watt manakala Cu/ZnO pada

240 Watt selama 15 minit. Serbuk bersaiz nano yang telah di sintesis dikaji menggu-

nakan Pembelauan sinar-X (XRD), Mikroskopi Transmisi Elektron (TEM), Mikroskopi

Medan Pancaran-Imbasan Elektron (FESEM) dan Pendafluor Sinar-X (XRF). Luang

tenaga nanokomposit berdasarkan data daripada spektroskopi UV-Vis-NIR . Semua

sampel menunjukkan ZnO berstruktur heksagonal. Purata saiz kristal nanokomposit

yang dianggarkan berdasarkan persamaan Scherrer di dapati berada di dalam julat

yang sama dengan imej daripada analisis TEM, iaitu dibawah 200 nm dengan par-

tikel berbentuk rod. Komposisi elemen bagi sampel disahkan melalui analisis EDX

dan XRF. Keberkesanan fotodegradasi nanokomposit yang di sintesis telah dinilai

menggunakan nitrobenzena sebagai bahan pencemaran organik.

Kajian penjerapan telah jalan bagi mencapai keseimbangan penjerapan - penyahjer-

apan. Masa penjerapan tertinggi adalah 45 minit dengan maksimum jisim 0.25 g

bagi ZnO dan Cu/ZnO dan 0.5 g bagi Ag/ZnO.

Nanokomposit yang di sintesis menggunakan gelombang mikro didapati lebih berke-

san daripada ZnO. Keberkesanan Ag/ZnO iaitu sebanyak 96.47% selepas 2 jam proses

fotodegradasi dan penjerapan.
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CHAPTER 1

INTRODUCTION

Industries are the major source of waste water pollutants and these has globally
drawn the attention of scientist due to the need for vital environmental, clean and
friendly processes. Waste water can be harmful to both underground and surface
sources of water and even to the environment as a whole (Kavitha and Palanivelu,
2005; Pardeshi and Patil, 2008). Fig. 1.1 illustrates the coagulation method for the
treatment of extracted polluted underground water.

Figure 1.1: Schematic Diagram for the Treatment of Polluted Extracted Un-
derground Water

Nitrobenzene [NB] aqueous, a poisonous aromatic organic waste water pollutant
with bitter almond odor that is pale yellow in appearance, sometimes called oil of
MIRBANE mostly used as aniline precursor chemical in the manufacture of textiles,
pesticides,rubber materials pharmaceutical and cosmetics, is considered to be highly
toxic organic pollutant that is easily absorbed in to the human body when inhaled or
contacted through skin and causes sickness such as, headache, general body weak-
ness, vertigo and sometimes vomiting (Thou-Jen et al., 2012). Due to this reason,
nitrobenzene [NB] was choosen as the model organic pollutant in the present study.
Hence the effective removal of this organic waste water pollutants is recently be-
coming both economic and environmental problem (Flox et al., 2007; Guyer, 1998).
Therefore, different methods both physical and chemical processes have been devel-
oped in order to remove these pollutants such as; coagulation method, precipitation,
ultra filtration, air stripping, adsorption using light activated carbon, UV-irradiated
degradation and reverse osmosis. However, only UV-irradiated degradation was
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found to degrade NB with optimum efficiency of nitrobenzene residue as low as
8.8% achieved which is still considered insufficient and highly expensive. While all
the other aforementioned existing water treatment processes and pollutant removal
methods have a major drawback in the sense that they only end up transforming the
pollutants into different phase instead of destroying them completely, and eventually
may lead to more severe pollution (secondary pollution). Therefore it becomes nec-
essary to develop methods of treatments that can lead to the complete destruction
of the pollutants from industrial discharged waste water (Zhang and Zeng, 2012).

The utilization of advanced oxidation processes (AOPs) for the complete degradation
(mineralization) of organic pollutants in waste water is of great interest in the recent
years. The AOPs are mainly based on generation of species which are highly reactive
such as the hydroxyl radicals capable of non-selectively oxidizing wide range of or-
ganic pollutants rapidly. Homogenous AOPs is found to face some limitations such as;
environmental, economic and technical drawback, and this has lead to development
of heterogeneous-based semiconductor photocatalysis and is currently considered to
be most promising technique for the treatment of waste water and other processes of
remediation. System of Photocatalysis involving combination of semiconductors and
oxidants such as light are example of advanced oxidation processes (AOPs). Among
these systems heterogeneous photocatalysis has gained considerable attention from
scientists owing to its destructive ability in the elimination of most organic pollutants
during waste water treatment (Fox and Dulay, 1993). On this basis, semiconductor
photocatalysts have widely been used in various areas of environmental protection
processes due to its unique property in the ability to decompose harmful organic
pollutants into water, carbon dioxide and mineral acids which are non-harmful.

In photo-generated catalysis, the photo-catalytic activity (PCA) of the semiconduc-
tor highly relies on its electron-hole pair production capability, thus, creating free
radicals (e.g. hydroxyl radical −OH) which can further undergo secondary reac-
tions. Advanced oxidation process application was made possible after electrolysis
of water was discovered using titanium dioxide. There are different ways advanced
oxidation process (AOP) can be conducted without using TiO2 as semiconductor and
UV-light as light source for photo-degradation. Since the photo-catalytic activity re-
lies on hydroxyl radical production capability of the semiconductor. The employment
of nanocomposites photo-catalyst in the photodegradation of organic waste water
pollutant has gained considerable interest in the recent years (Lai et al., 2010; Dun-
nil et al., 2009). Though various semiconductor photo-catalysts have been used, ZnO
nanomaterial has received much attention due to its chemical and thermal stability,
non-toxicity, high catalytic efficiency and low cost (Wojtoniszak et al., 2012). One of
the major advantages of ZnO over other semiconductor nanocomposites is its ability
to absorb great portion of solar spectrum, thus, able to remove many organic pol-
lutants in an aqueous solution under visible light irradiation (Sakthivel et al., 2003;
Pardeshi and Patil, 2008; Dindar and Icil, 2010).

However, the rapid recombination of photo-excited electron-hole pairs formed during

2
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photocatalytic processes limits the photo-catalytic efficiency of ZnO. Though recom-
bination has faster kinetics than redox reaction, but it greatly reduces the quantum
efficiency of photo-catalysis. Significant efforts have been made to retard the re-
combination of the photo-excited electron-hole pairs and enhance photo-catalysis by
coupling the photocatalyst with other materials such as semi-conductors (Yong and
Jung, 2011), metals (Kundu et al., 2011; Zhang and Zeng, 2012) carbon nanotubes
(Ahmmad et al., 2008). One of the metals found having positive and great influence
on the activity of ZnO nanoparticle is silver (Ag), and is achieved through the inhibi-
tion of charge recombination processes and capturing of the photo-induced charge
carriers (Chang et al., 2009; Donkova et al., 2011). Silver Ag being very expensive
metal used for coupling ZnO, hence the need for substitute with low cost metal of
similar property and activity as silver. Another metals of interest is copper (Cu) be-
ing in the same group with silver, has been studied and applied for various reactions.
Copper (Cu), is one of the metals of interest due to the fact that it is the same group
with Ag and it is known that elements of the same group tend to have similar prop-
erties. Hence Cu metal has been widely used as catalyst for many reactions. Copper
can enhance the photo-catalytic activity of ZnO due to the fact that it exhibit two
oxidation states Cu+ and Cu2+ on the surface of ZnO. Cu+ can react with H2O2 on
the surface of ZnO in order to generate the required −OH radical. There were little
reports made on the photo-catalytic activity of Cu-coupled ZnO (Jongnavakit et al.,
2012).

There has been no report on the use of microwave irradiation for the preparation
of Cu coupled nanocomposite. Several methods have been reported for the prepara-
tion of metal/ZnO nanocomposites such as chemical bath deposition, hydrothermal
method, photo reduction method, sol-gel method, non-ionic polymer assisted ther-
molysis (Pall and Sharan, 2002; Wang et al., 2007; Lu et al., 2008; Wang et al., 2011)
and so on. However, most of these methods are limited to research purposes be-
cause of either the use of toxic reagents, high temperature, high pressure, expensive
equipments or long reaction period. Thus, a fast, simple and more effective route for
the preparation of metal/ZnO nanocomposites is still required to meet economic and
industrial needs.

1.1 Micro-wave Oven Radiation

Micro-wave oven radiation technique has become an effective tool in synthetic re-
moval of organic waste water pollutants in the field of photo-catalysis due to molecule
collision created during friction, the microwave irradiation generates energy for
heating and nucleation becomes accelerated (Alammar and Mudrig, 2009). The tem-
perature of the reactant solution and its concentration gradient can be eliminated
thus; a uniform nucleation can be achieved (Kathalingam et al., 2011). The mi-
crowave irradiation known to be a "non-conventional reaction condition" has been
used to destroy large percentage of chemical compounds and materials and also ac-
celerate reaction processes in different areas of chemistry and technology (Thou-Jen

3
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et al., 2012).

Microwave-based synthetic route is considered as one of the methods that is quick,
energy saving, green and easy for production of nanoparticles in large scale. Mi-
crowave preparation method is considered as an energy-efficient, low-cost, eco-
friendly, hygienic, rapid and a novel route and also very convenient heating method
that leads to high production yield within short reaction period (Mohajerani et al.,
2008; Fazhe et al., 2009).

1.2 Nanocomposite in Photocatalysis

In trying to enhance advanced oxidation processes, nanotechnology is considered as
an alternative option in solving technical problems facing the effective removal of
waste water in developing countries as reported by (Hillie and Hlophe, 2007). In or-
der to increase removal efficiency rate with better cost/benefit ratio, nanocomposite
materials can be used as catalyst/photocatalyst or part of the catalyst/photocatalyst
in heterogeneous advance oxidation processes AOPs (Savage and Diallo, 2005; Doria
et al., 2013). GDNP 2006 in a comparison between conventional and nano-based
water technologies pointed out that the commonly used materials in nano-based
technologies are mainly; titanium dioxide nanoparticle, nanoscale titanium dioxide
photocatalyst, nanoscale zero valent ion and nanostructured iron oxide adsorbent.
But due to the low cost and availability of zinc oxide and absorbs larger portion
(fraction) of the solar radiation with ability to efficiently produce hydrogen peroxide
(H2O2) makes it to be considered as suitable material for contaminant destructive
technology and a nanocatalyst in heterogeneous AOPs.

1.3 Statement of the Problem

The rapid recombination of photo-excited electron-hole pairs generated during photo-
catalytic processes limits the photo-degradation efficiency of ZnO. Excessive load-
ing of silver particles would shield UV-light adsorption, and thus, decrease the pho-
ton utilizing efficiency. Several methods have been reported on the preparation of
Ag/ZnO and Cu/ZnO nanocomposites such as hydrothermal method (Lu et al., 2008),
chemical bath deposition (Wang et al., 2011), sol-gel method (Lu et al., 2008), photo
reduction method (Dindar and Icil, 2010), and so on.

However, most of these methods are limited to research work purposes due to the use
of high temperature, toxic reagent, high pressure, long reaction time or expensive
equipments. Thus, a simple, fast and more effective route is needed for the prepara-
tion of Ag/ZnO and Cu/ZnO nanocomposites for the treatment of organic waste water
pollutants in order to meet both economic and industrial needs.However, no study
has been conducted on organic waste water pollutant using Ag/ZnO and Cu/ZnO
under visible-light irradiation. This work tends to look at the photo-degradation of
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Ag/ZnO and Cu/ZnO nanocomposite photo-catalysts under visible-light irradiation.
The effect of some variables such as; concentration of the organic pollutants, photo-
catalyst loading and pH on photo-degradation efficiency were studied. In addition
the photo-products were investigated using total organic carbon content (TOC) mea-
surements from TOC-VCSN Shimadzu.

1.4 Objectives

In general the main objective of this work is: Improve and enhance the photocat-
alytic performance of the ZnO by coupling it with Ag and Cu. The specific research
objectives are:

• To synthesize ZnO and its nanocomposites Cu/ZnO and Ag/ZnO using microwave
[MW] irradiation method by optimizing operational conditions such as temper-
ature, power and time,

• To characterize the MW synthesized ZnO and its nanocomposites Cu/ZnO and
Ag/ZnO using various solid state characterization techniques such as XRD,
TEM, BET, XRF, FESEM, UV-Vis-NIR,

• To evaluate the photo-catalytic performance of the nanocomposites, by measur-
ing removal ability of nitrobenzene by the synthesized ZnO and its nanocom-
posites Cu/ZnO and Ag/ZnO under visible light irradiation.

• To optimize the photodegradation efficiency of nitrobenzene by the prepared
catalysts taking into consideration pH, maximum catalyst load and maximum
pollutant concentration.

5



© C
OPYRIG

HT U
PM

Bibliography

Ahmmad, B., Kusumoto, Y., Somekawa, S. and Ikeda, M. 2008. Carbon nanotubes
synergistically enhance photocatalytic activity of TiO2. Journal of Catalysis Com-
munications 9: 1410–1413.

Alammar, T. and Mudrig, A. 2009. Facile Preparation of Ag/ZnO Nanocomposites Via
Photoreduction. Journal of Material Science 44: 3218–3222.

Ali, R., Abu Bakar, W. and Teek, L. 2010. Zn/ZnO/TiO2 and Al/Al2O3/TiO2 Photocata-
lysts for the Degradation of Cypermethrin. Journal of Modern Applied Science 4:
59–67.

Amann, M.C., a. C. F., Larsson, A. and Pessa, M. 2009. Synthesis, Dopant Study and
Device Fabrication of Zinc Oxide. New Journal of Physics 11: 125012–125015.

Badawy, M., Ghalay, M. and Gad-Allah, T. 2006. Advanced Oxidation Processes for
the Removal of Organo-Phosphorous Pesticides from Waste Water. Journal of De-
salination 194: 166–175.

Bazant, P., Kuritka, I., Machovsky, M., Sedlacek, T. and Pastoreck, M. 2011.
Microwave-assisted Synthesis of Ag/ZnO Particles and Their Anti-Bacterial Prop-
erties. Mathematical Methods and Techniques in Engineering and Environmental
Science 1: 341–346.

Bell, L., Devlin, J., Gillham, R. W. and Binning, P. 2003. A Sequential Zero Valent
Iron and Aerobic Biodegradation Treatment System for Nitrobenzene. Journal of
Contaminant Hydrology 66: 201–217.

Benhnajady, M., Mordirshahla, N., Shokri, M. and Rad, B. 2008. Enhancement of
Photocatalytic Activity of TiO2 Nanoparticles by Silver Doping: Photodeposition
Versus Liquid Impregnation Method. Global NEST 10: 1–7.

Bhatkhande, D., Pangarkar, V. and Beenackers, A. 2003. Photocatalytic Degradation
of Nitrobenzene using Titanium Dioxide and Concentrated Solar Radiation: Chem-
ical Effects and Scaleup. Journal of Water Research 37: 1223–1230.

Bhattacharya, A., V.C., P., Suarez, V., Tichkule, R., Parmer, G. and Rinaldi, F. 2007.
One-Step Reductive Amidation of Nitro Arenes: Application in the Synthesis of
Acetaminophen. Tetrahedron Letters 47: 1861–1864.

Carp, O., Huisman, C. and Reller, A. 2004. Photoinduced Reactivity of Titanium Diox-
ide. Progress in Solid State Chemistry 32: 33–177.

Carraway, E., Hoffman, A. and Hoffmann, M. 1994. Oxidation of Organic Acids on
Quantum-Sized Semiconductor Colloids. Journal of Environmental Science and
Technology 28: 786–793.

63



© C
OPYRIG

HT U
PM

Chang, Y., Xu, J., Zhang, Y., Ma, S., Y., Xin, L., Zhu, L. and Xut, C. 2009. Optical
Properties and Photocatalytic Performances of Pd modified ZnO samples. Journal
of Physics Chemistry C 113: 18761.

Chen, X., Zhang, Q., Li, L., Hu, D. and Yin, T. 2010. Fabrication of Sandwich Struc-
tured ZnO Reduced Graphite Oxide Composite and Its Photocatalytic Properties.
Journal Of Material Science 45: 953–960.

Coloman, H., Chiang, K., Amal, R., Chiang, K. and Amal, R. 2005. Effect of Ag and Pt
on Photocatalytic Degradation of Endocrine Disrupting Chemicals in Water. Jour-
nal of Engineering 113: 65–72.

Contreras, S., RodrÃ guez, M., Chamarro, E. and Esplugas, S. 2001.
UV- and UV/Fe(III)-Enhanced ozonation of Nitrobenzene in aqueous solution. Jour-
nal of Photochemistry and Photobiology A 142: 79–83.

Curri, M., Comparelli, R., Cozzoli, P., Mascolo, G. and Agostiano, A. 2003. Colloidal
Oxide Nanoparticles for the Photocatalytic Degradation of Organic Dyes. Journal
of Material Science and Engineering C 23: 285–289.

Dindar, B. and Icil, S. 2010. Unusual Photoreactivity of Zinc Oxide Irradiated by
Concentrated Sunlight. Journal of Photochemistry and Photobiology A:Chemistry
140: 263–268.

Donkova, B., Vasileva, P., Nihtianova, D., Velichkova, N., Stefanov, P. and Manand-
jiev, D. 2011. Synthesis, Characterization and Catalytic Application of Au/ZnO
Nanocomposites Prepared by Co-Precipitation. Journal of Material Science 46:
7134–7141.

Doria, F., Borges, A., Kim, J., Nathan, J. and Campos, L. 2013. Removal of Metalde-
hyde through Photocatalysis Reactions using Zinc Oxide Composites. Journal of
Water Air Soil Pollution 224: 1434–1440.

Dunnil, C., Ansari, Z., Kafizas, A., Perni, S., Morgan, D., Wilson, M. and Parkin, I.
2009. Enhanced photocatalytic activity under visible light in N-doped TiO2 thin
films produced by APCVD preparations using t-butylamine as a nitrogen source
and their potential for antibacterial films. Journal of Photochemistry and Photobi-
ology A: Chemistry 207: 244–253.

Environmental Agency, U. 2011. Environmental Agency Position on Metaldyhyde.
v.2.London:EA.http://.publicationswww.

Fazhe, S., Xueliang, Q., Fatang, T., Wei, W. and Xialin, Q. 2009. One-step Microwave
Synthesis of Ag/ZnO Nanocomposites with Enhanced Photocatalytic Performance.
Journal of Material Science 47: 7262–7268.

Flox, C., Cabot, P.-L., a. C. F., Garrido, J., Rodriguez, R. M., Arias, C. and Brillas, E.
2007. Solar Photoelectro-Fenton Degradation Of Cresol Using a Flow Reactor With

64



© C
OPYRIG

HT U
PM

a Boron-Doped Diamond Anode. Journal of Applied Catalysis B: Environmental 75:
17–28.

Fox, M. and Dulay, M. 1993. Heterogeneous Photocatalysis. Journal of Chemical Re-
views 93: 341–357.

Fu, M., Li, Y., Lu, P., Liu, J. and Dong, F. 2011. Sol-gel Preparation And Enhanced
Photocatalytic Performance Of Cu-doped ZnO Nanoparticles. Journal of Applied
Surface Science 258: 1587–1591.

Fujishima, A. and Honda, K. 1972. Electrochemical Photolysis of Water at a Semicon-
ductor Electrode. Journal of Nature 238(5358): 37–38.

Gaya, U. and Abdullah, A. 2008. Heterogeneous Photocatalytic Degradation of Or-
ganic Contaminants Over Titanium Dioxide: A Review of Fundamentals, Progress
and Problems. Journal of Photochemistry and Photobiology C: Photochemistry Re-
views 9: 1–12.

Georgekutty, R., Michael, K. and Suresh, C. 2008. A Highly Efficient Ag-ZnO Photo-
catalyst: Synthesis, Properties, and Mechanism. Journal of Physics and Chemistry
C. 112: 13563–13570.

Guyer, H. 1998. Industrial Processes And Waste Stream Management . Jone Wiley
and Sons Inc.

Hadj, B., Messaoud, C., Thierry, S., G., J., Ange¸liqu, L., D., S., C., M. and Benot,
H. 2013. Photocatalytic Degradation of Phenol and Benzoic Acid Using Zinc Ox-
ide Powders Prepared by the Sol-Gel Process. Alexandria Engineering Journal 52:
517–523.

Hillie, T. and Hlophe, M. 2007. Nanotechnology and challenge of clean water. Journal
of Nature Nanotechnology 2: 660–664.

Hoffman, M., Martin, S., Choi, W. and Bahnemann, D. 1995. Environmental Applica-
tion of Semiconductor Photocatalysis. Journal of Chemical Reviews 95: 69–96.

Hongchao, M., Jinbo, F., Yue, C., Jie, Z., Anhe, W. and Junbai, L. 2012. Synthesis,
Characterization and Photocatalytic Activity of Cu-doped Zn/ZnO Photocatalyst
With Carbon Modification. Journal of Material Chemistry 22: 23780–23788.

Jagadish, C. and Pearton, J. 2006. Zinc Oxide Bulk, Thin Films and Nanostructures:
Progress, Properties and Application. Elsevier, Oxford: United Kingdom.

Jongnavakit, P., Amornpitoksuk, P., Suwaboon, S. and Ndiege, N. 2012. Preparation
and Activity of Cu-doped ZnO Thin Films by Sol-gel Method. Journal of Applied
Surface Science 258: 8192–8198.

Kathalingam, A., Chae, Y. and Rhee, J. 2011. Synthesis of Multi-Linked ZnO Rods by
Microwave Heating. Journal of Crystal Research and Technology 46: 517–521.

65



© C
OPYRIG

HT U
PM

Kavitha, V. and Palanivelu, K. 2005. Destruction of Cresols by Fenton Oxidation Pro-
cess. Journal of Water Research 39: 3062–3072.

Konstantinuou, I. and Albanis, T. A. 2004. TiO2-Assisted Phocalytic Degradation of
Azo Dyes In Equeous Solution: Kinetic and Mechanistic Investigations. Journal of
Applied Catalysis on the Environmental B 49: 1–14.

Kundu, S., Kafizas, A., Hyett, G., Mills, A., Darr, J. and Parkin, I. 2011. An Investi-
gation into the Effect of Thickness of Titanium Dioxide and Gold-Silver Nanopar-
ticle Titanium Dioxide Composite Thin-Films on Photocatalytic Activity and Photo-
Induced Oxygen Production in a Sacrificial System. Journal of Material Chemistry
21: 6854–6863.

Kuriakose, S., Choudhary, V., Satpatib, B. and Satyabrata, M. 2014. Facile Synthesis
of Ag/ZnO Hybrid Nanospindles for Highly Efficient Photocatalytic Degradation
of Methyl Orange. Journal of Physics Chemistry, Chemistry and Physics, Advance
Article 16: 7560–7568.

Kyung, H., Lee, J. and Chopi, W. 2005. Simultaneous and Synergistic Conversion
of Dyes and Heavy Metal Ions in Aqueous TiO2 Suspension under Visible Light
Illumination. Journal of Environmental Science and Technology 39: 2376–2382.

Lai, Y., Meng, M. and Yu, Y. 2010. One Step Synthesis, Characterization and Mecha-
nistic Study of Nanosheets-Constructed Fluffy ZnO and Ag/ZnO Spheres Used for
Rhodamine B Degradation. Journal of Applied Catalysis on the Environment B 100:
491–497.

Lee, J., Park, S., Park, H., Lee, J., Kim, H. and Chung, Y. 2009. Photocatalytic Degrada-
tion of TOC from Aqueous Phenol Solution using Combusted nO Powders. Journal
of Electro-Ceramics 22: 110–113.

Linsebigler, L., Amy, L., Lu, G. and Yates, J. T. 1995. Photocatalysis on TiO2 Surfaces,
Mechanisms and Selected Result. Journal of Chemical Reviews 95: 735–1746.

Lu, W., Gao, S. and Wang, J. 2008. Anatase TiO2 Single Crystals with a Large Percent-
age of Reactive Facets. Journal of Physics and Chemistry C 112: 16792–16800.

Mai, F., Lu, C., Wu, C., Huang, C. and Chen, C. 2008. Mechanism of Photocatalytic
Degradation of Victoria blue R using Nano-TiO2. Journal of Seperation, Purifica-
tion and Technology 612: 423–436.

National Institute of Health. 2007. Nitro Compounds, Aromatic. In:Ullmann’s Ency-
clopaedia of Industrial Chemistry. John Wiley and Sons: New York.

Mohajerani, M., Mazloumi, M., Lak, A., Kajbafvala, A. and Zanganeh, S. 2008.
Self Assembled Zinc Oxide Nanostructures Via a Rapid Microwave-assisted Route.
Journal of Crystal Growth 310: 423–436.

66



© C
OPYRIG

HT U
PM

Pall, B. and Sharan, M. 2002. Enhanced Photocatalytic Activity of Porous ZnO Thin
Films Prepared By Sol-gel Process. Journal of Material Chemistry and Physics 76:
82–87.

Pan, J. and Guan, B. 2010. Adsorption Of Nitrobenzene From Aqueous Solution On
Activated Sludge Modified By Cetyltrimethylammonium Bromide,. Journal of Haz-
ardous Materials, 183: 341âĂŞ346.
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