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Abstract. Catalysts are typical nanomaterials, perhaps the first nanomaterials in
wide applications. Catalysis is a nanoscale phenomenon that has been the subject
of research and development for many years, but only recently has it become a
nanoscale science of materials and chemistry involving more investigations on the
molecular level. Nanomaterial-based catalysts are usually heterogeneous catalysts.
The extremely small size of the particles maximizes surface area exposed to the
reactant, allowing more reactions to occur. However, thermal stability of these
nanomaterials is limited by their critical sizes; the smaller the crystallite size, the
lower the thermal stability. In this chapter the characterization of metal oxides
such as CeO,, TiO,, and ZnO and some of their applications as catalysts for meth-
ane combustion and photocatalysis is described. The effects of mixed oxides, and
mixed phases were investigated.
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7.1 Introduction

Catalysts are typical nanomaterials, perhaps the first nanomaterials in wide ap-
plications. Catalysis is a nanoscale phenomenon that has been the subject of
research and development for many years, but only recently has it become a
nanoscale science of materials and chemistry involving more investigations on
the molecular level.

Nanomaterial-based catalysts are usually heterogeneous catalysts. The ex-
tremely small size of the particles maximizes surface area exposed to the reactant,
allowing more reactions to occur. However, thermal stability of these nanomateri-
als is limited by their critical sizes; the smaller the crystallite size, the lower the
thermal stability.
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Here, the characterization of metal oxides such as CeO,, TiO,, and ZnO and
some of their applications as catalysts for methane combustion and photocatalysis
is described. The effects of mixed oxides and mixed phases were investigated.

7.2 Catalytic Combustion

Ceria has been included in automotive emissions-control catalysts for many years
and ceria-supported metals are finding new applications in hydrocarbon-reforming
and in hydrocarbonoxidation catalysis [1].

In these applications, the ability of cerium to change its valence between Ce*
and Ce™ is decisive; however, the mechanisms by which ceria promotes reactions
are not fully comprehended [2]. The prominent role of ceria has been recognized
in three-way catalysis, catalytic wet oxidation, water-gas-shift reaction,
oxidation/combustion catalysis and solid oxide fuel cells [3].

Ceria can be employed as an oxide carrier or a mixed oxide carrier with a tran-
sition metal oxide providing unique catalytic properties. Ceria is also believed to
help in preserving the catalyst surface area, pore size distribution and catalytic ac-
tivity. Several CeO,-based systems such as Ce0,-ZrO,, CeO,-Al,0;,
CuO/Ce0,/Al,05, Ce0,-Si0,, Pd/CeO, and Au/CeO, have been examined for
their catalytic properties. Recently, efforts have also been made to synthesize
nanostructured ceria particles with better physicochemical properties for diverse
applications.

7.2.1 Structural Features of CeO;

The structural properties of CeO, have been investigated by several authors pro-
viding valuable information on redox properties and oxygen mobility in the ceria
lattice [4-6].

Ceria is a pale yellow color solid known to crystallize in fluorite structure
(CaF,) with a space group of Fm3m [7]. The unit cell of ceria is shown in
Figure 7.1. In the face centered cubic (FCC) structure of ceria, Ce*" ions form a
cubic close packed arrangement and all the tetrahedral sites are occupied by the
oxide ions whereas the octahedral sites remain vacant.

The fluorite structure of ceria is retained up to 900 K under reducing atmos-
phere. However, the lattice parameter is found to increase with reduction tempera-
ture, indicating an expansion in the FCC lattice [4]. The increase in the lattice
parameter is attributed to the reduction of Ce** ions to Ce®*. The radius of Ce™* is
larger than the radius of Ce** resulting in the lattice expansion. The ability of the
cerium ion to switch between the Ce** and Ce™ oxidation states depending on the
ambient oxygen partial pressure is represented as:

CeO, < CeO,  +0, (7.1)
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The amount of oxygen released in this reaction and the oxygen consumed in the
reverse reaction is generally referred to as the oxygen storage capacity (OSC) of
ceria material.

Under reducing atmosphere, ceria is known to form nonstoichiometric oxides
of composition CeO,, where 0<x<0.5. The oxidation of CeO, occurs at room
temperature, while the reduction of CeO, starts at 473K. Pure CeQO, deactivates its
OSC usually at 1123K due to its sintering [8].

Fig. 7.1. Fluorite structure of CeQO,.

High OSC is believed to be dependent on a high surface area and the phase
formed during synthesis. Ceria materials with high OSC are also obtained by
cation doping, which produces oxygen vacancies [9].

Ceria in Three Way Catalyst (TWC)

The main application of the OSC of ceria-based materials is in exhaust
catalysis, extensively reviewed in the literature [10-15]. The three-way cata-
lysts are designed to convert automobile exhaust pollutants such as uncom-
busted hydrocarbons (HC), carbon monoxide (CO) and nitrogen oxides (NOx),
to environmentally acceptable products such as carbon dioxide, water and
nitrogen.
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The TWC formulation usually contains metals (Pt, Rh, and Pd) dispersed on the
surface of alumina. High surface area y-alumina is used as support because of its
higher thermal stability under hydrothermal conditions. Ceria and ceria-based
mixed oxides are used as oxygen storage promoters in TWC. An optimum per-
formance of the TWC is possible if the stoichiometric air—fuel ratio (A/F) is
maintained at about 14.6 [16].

If the air—fuel ratio is close to the stoichiometric value of 14.6, the catalyst con-
verts all the pollutants to CO,, H,O and N, gases with high efficiency. Under fuel
lean periods the conversion of NO is affected whereas under fuel-rich conditions
the oxidation of CO and hydrocarbons remains incomplete. The role of ceria and
ceria-based materials in TWC is to widen the A/F window and help maintaining
the conversion efficiency of the catalyst.

Application of CeO, Nanostructured Fibers as Catalyst

Due to more restrictive environmental regulations, nowadays the majority of
automobiles with internal combustion engines have a system that controls the
emission of exhaust gases: carbon monoxide (CO), hydrocarbon compounds
(CxHy) and nitrogen oxides (NOXx), called a catalytic converter.

The catalytic converter was invented by Eugene Houdry around 1950, when the
results of early studies of smog in Los Angeles were published [17]. Houdry
founded a company, Oxy-Catalyst, to develop catalytic converters for gasoline
engines [18]. The catalytic converter was further developed by John J.
Mooney and Carl D. Keith at the Engelhard Corporation, bought by BASF in
2006, creating the first three-way catalytic converter in 1979/80 [19].

A typical catalytic converter is based on CeO, doped with noble metals such
as Pt and Pd. The efficiency of this converter depends on the activity of
the catalyst. There are several industrial applications of nanostructured CeO,
catalysts and almost every car manufacturer develops its own CeO, catalytic
system [20-23].

In this chapter the development of catalysis tests, using nanostructured cerium
oxide doped with copper fibers, is discussed. The fibers were obtained using the
electrospinning process. To summarize, the electrospinning process uses a high
power supply to generate an electrical field on which a polymer solution contain-
ing ions is accelerated and elongated, forming fibers of micro to nanoscale
diameters. More details on the electrospinning process can be found in the
literature [24-26].

The structure of the fibers produced using this technique can be seen in
Figure 7.2a and b.
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Fig. 7.2. (a) Photography of the CeO, fiber-mat obtained using the electrospinning process.
(b) SEM image of the fiber mat showing the microstructure of the fibers.

The average size of the crystallites of the electrospun CeO, fibers is 25nm.
Figure 7.3 presents a TEM showing a nanostructured fiber. One can notice that a
single fiber contains several crystallites in nanoscale.

This fibrous material was used as a catalyst in the combustion of methane in air
under different temperatures. The apparatus built to analyze the catalytic activity
of the fibers consists of a vertical tubular furnace, a quartz tube reactor, a set of
methane and air flow controllers, and a thermocouple for measuring the tempera-
ture of the reaction. The air and methane flow was kept constant at 0.9 L/min and
0.1 L/min, respectively. The amount of sample used was approximately 0.2 g.
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Fig. 7.3. TEM image of the nanostructured CeO, fibers obtained by electrospinning.

In a typical catalytic combustion test the sample is loaded into the quartz reactor,
and set into the furnace. The gas mixture inlet is connected to the quartz reactor.
The temperature of the furnace is set to reach 600°C in 60 minutes with a dwell
time at 600°C of 5 minutes. A gas analyzer ECOLINE 4000 was used to analyze
the quantities of O,, CO, CO,, NO, NOx and CxHy, consumed or generated dur-
ing the reaction time.

The results of the catalysis tests using cerium oxide doped with 0.5, 1 and 2,5%
are presented in Figure 7.4 in terms of the conversion of methane. The ignition
temperature and the total methane conversion using the different amounts of
copper are presented in Table 7.1.

Table 7.1. Composition of the catalyst ignition temperature and methane conversion.

Catalyst Ignition Methane
Temperature (°C) Conversion (%)

CeO, 594 85.4

CeO, + 0.5% Cu 559 100.0

CeO, + 1.0% Cu 576 91.0

CeO, +2.5% Cu 593 71.2
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Fig. 7.4. Conversion of methane during the catalysis tests using cerium oxide doped with
0.5, 1 and 2,5%.

One can observe that the addition of more than 1% of copper has no beneficial
effects over the reaction conversion. The presence of a metal such as copper over
cerium oxide promotes the catalytic effect of the combustion reaction, but this
effect is apparently limited to 1% of copper.

7.3 Photocatalysis

7.3.1 Introduction

Photocatalysis is a process where a chemical reaction is accelerated in the pres-
ence of a catalyst that is only active in the presence of light (ultraviolet or visible
light). The oxidation of most hydrocarbons proceeds slowly in the absence of a
catalytic active substance. A photocatalyst decreases the activation energy, mak-
ing photoinduced processes occur.

A photocatalytic system usually consists of a semiconductor particle (photo-
catalyst) which is in close contact with a liquid or a gaseous reaction medium.
When a semiconductor is exposed to UV light for example, redox reaction will
occur at the surface of the catalyst generating hydroxyl radicals (*OH)
and superoxide ions (O). These oxidizing agents are able to decompose organic
compounds into CO, and H,O [27].

The most common photocatalysis applications are: conversion of water to hy-
drogen gas by photocatalytic water splitting; self-cleaning glasses, textiles and
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surfaces; disinfection of water; oxidation of organic contaminants using magnetic
particles that are coated with photocatalyst nanoparticles; conversion of carbon di-
oxide into gaseous hydrocarbons; as an UV light absorber; sterilization of surgical
instruments; among many other applications [28].

7.3.2 Titanium Oxide

Nanocrystalline photocatalytic materials are a potentially lucrative area of nano-
materials development [20]. Industrial utilization of the photocatalytic effect of
nanomaterials is already seen in applications such as self-cleaning tiles, windows
and textiles, anti-fogging car mirrors, and anti-microbial coatings [29-32]. For the
photocatalysis market, nanostructured titanium dioxide (TiO,) is the most suitable
material for industrial use at present and promises innovative products in the
future.

The commercial potential of nanoscale TiO, coatings is enormous, including
applications in medicine, architecture (cultural heritage protective/recuperation
purposes, facade paints, indoor, wall paper, tiles, etc.), the automotive and food
industries (cleaner technologies, non-fogging glass and mirrors, product safety),
the textile and glass industries, and in environmental protection (water and air pu-
rification and disinfection) [33-38].

Titanium dioxide nanoparticles (anatase and/or rutile phases) are able to gener-
ate excited ions by promoting electrons across theirs band gaps. The electrons and
holes react with the surrounding water molecules to produce hydroxyl radicals and
protons. These radicals mineralize organic compounds to CO, and H,0O. For pure
titanium dioxide this effect only occurs under UV illuminating, while Visible light
may produce this effect in doped titanium dioxide.

Application of TiO, Nanostructured Fibers as Photocatalyst

Commercial nanostructured TiO, photocatalysts are made by several different
companies around the world. The most studied and published photocatalyst is
made by Evonik Industries using the high-temperature flame hydrolysis; it is
known as AEROXIDE® TiO, P25 [24]. P25 is commonly used as a standard pho-
tocatalyst and many researches are developing new materials to achieve its high
photocatalysis efficiency.

In this chapter the photocatalysis tests were made with nanostructured titanium
dioxide fibers and the results compared with TiO, P25. The fibers were obtained
using the electrospinning process. To summarize, the electrospinning process uses
a high power supply to generate an electrical field on which a polymer solution
containing ions is accelerated and elongated, forming fibers of micro to nanoscale
diameters. More details on the electrospinning process can be found in the litera-
ture [24-26].

The structure of the titanium dioxide fibers produced using this technique can
be seen in Figure 7.5a, b and c.
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Fig. 7.5. (a) Photography of the TiO, fiber-mat obtained using the electrospinning process.
(b) SEM image of the fiber mat showing the microstructure of the fibers. (c) High resolu-
tion FESEM image showing details of the microstructure of a single fiber.
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The average size of the crystallites of the electrospun TiO, fibers is 20nm.
Figure 7.6 presents a TEM showing a nanostructured fiber. One can notice that a
single fiber contains several crystallites in nanoscale.

Fig. 7.6. TEM image of the nanostructured TiO, fibers obtained by electrospinning.

This fibrous material was used as a model photocatalyst in the decomposition
of organic dyes, such as methylene blue (MB) and methyl orange (MO). The ap-
paratus built to analyze the photocatalytic activity of the fibers consists of a Dre-
schel glass flask of 130mL equipped with a rubber septum to collect samples. This
flask is located between two half cylinders, each with a set of 12 Ultra-Violet
(black light) or Visible T8 type lamps. The system also contains a magnetic stirrer,
an air bubbler and a thermostatic bath to keep the reaction temperature constant at
30°C. More construction details of this equipment can be found in the work of
Alves, et al. [39].
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A typical photocatalysis experiment consists of mixing 50mg of the catalyst
with 125mL of a 20ppm dye solution. This mixture is homogenized with the help
of an ultrasound finger for about 15 minutes. After this period a 4 mL sample of
this solution is taken and poured into a PMMA spectrophotometer cuvette. The so-
lution is transferred to the Dreschel flask and the air bubbler and the UV or visible
lights are turned on. Samples are then taken every 5 minutes to follow the photo-
decomposition of the dye. After about 60 minutes of irradiation the samples are
analyzed using a Uv—vis spectrophotometry.

The results of the photoactivity of the fiber in comparison with P25 are
depicted in Figure 7.7 for the decomposition of methylene blue under UV
illumination.
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Fig. 7.7. Decomposition of methylene blue under UV light using TiO, nanostructured fibers
and P25.

It is well known that the pH of the medium strongly influences the photocata-
Iytic reactions. An analysis of the effect of the pH on the photoactivity of the
nanostructured fibers was made using methyl orange as a dye model. Methyl or-
ange was the selected model dye because of its high stability in the entire pH
range. The results of these experiments are depicted in Figure 7.8.
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Fig. 7.8. Decomposition of methyl orange under UV light using (a) TiO, nanostructured fi-
bers and (b) P25, under different pH condition.

Doping TiO, with other metals can promote the photocatalytic effect in visible
light. During the preparation of the TiO, nanostructured fibers using electrospin-
ning, different amounts of tin were added to study the contribution of this metal in
the UV and Visible photoactivity of TiO,. The results of these experiments under
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UV light are depicted in Figure 7.9 and the results of the experiments under Visi-
ble light are depicted in Figure 7.10.
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Fig. 7.9. Photodecomposition of methyl orange under UV light using TiO, nanostructured
fibers doped with tin.
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Fig. 7.10. Photodecomposition of methyl orange under Visible light using TiO, nanostruc-
tured fibers doped with tin.
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Nanostructured fibers of TiO, with and without tin, obtained using the electro-
spinning technology was highly active in UV and Visible light.

7.3.3 Zinc Oxide

Zinc oxide is an inorganic compound with ZnO as chemical formulation. In high
purity levels it is a white powdery substance, which is nearly insoluble in both
water and alcohol, but soluble in most of the acids including hydrochloric acid.
Due to its variety of interactive properties in distinct kinds of combined systems or
compositions, zinc oxide has an extensive gamma of profitable uses in a wide
range of industrial applications in different technological fields. Some well known
and significant industrial applications of this versatile material are described
below:

* Rubber Industry: The chemical reactivity of zinc oxide contributes to activate
the organic accelerator, to speed up rubber cure rate. It is also useful to protect
latex plantation because it reacts with the enzyme responsible for its
decomposition. Due to its dielectric properties, zinc oxide improves the resistance
to corona effects since its dielectric strength maintains a series of physical
properties of rubber compounds at high operating temperatures and, similarly,
because it retards devulcanization of many types of rubber compositions operating
at elevated temperatures. Through its high brightness, refractive index, and
optimum particle size, zinc oxide provides a high degree of whiteness and tinting
strength for such rubber products as tire side walls, sheeting and surgical gloves.

» Ceramic Industry: Some of its newer applications are as electronic glass, low-
melting glass for metal-to-glass seals, thermistors for use as lighting arresters and
devitrified glasses of low thermal expansion. Zinc oxide plays an important role in
semiconductor ceramic elements for operation at elevated temperatures or high
voltages. Thermoelements such as varistors are composed of zinc oxide
semiconductors modified or doped by other elements and can be produced to
cover a broad range of thermal and electrical needs.

* Pharmaceutical and cosmetic Industries: Zinc oxide is mainly used in zinc
soap, ointment, dental inlays, food powders, etc. Its optical and biochemical
properties impart special features to a variety of cosmetic preparations for hair and
skin care. In powders and creams it protects the skin by absorbing the ultraviolet
sunlight rays and in burn ointments it aids healing.

* Plastics Industry: In plastics manufacturing, zinc oxide offers a large range of
advantages such as mechanical and thermal resistance and it increases the lifetime
of some polymer products by stabilizing them against aging and UV radiation as
well.

* Paint Industry: Zinc oxide in organic coatings provides a broad spectrum of
optical, chemical, biochemical and physical properties. Over the past century the
paint industry, in its constant development of improved products, has utilized
various aspects of those properties to a high degree.

* Adhesives Industry: Zinc oxide has long been a major constituent of surgical
and industrial tapes based on natural or synthetic rubber as it is outstanding in
retention of tack during shelf aging.
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* Foods and Food-Packaging Industries: Zinc oxide and its derivatives
contribute specially as fungistatic element and because of its chemical properties
to the processing and packaging of various animal and vegetable products. It has
long been incorporated into the varnish linings of the metal containers to prevent
formation of black sulfides which discolor the food.

Other zinc oxide applications include its use in industrial lubrificants
composition, in the photocopying process, in cigarette filters, for sulfur removal in
fluids, in Portland cement composition and as a component of batteries, fuel cells
and photocells.

This oxide occurs in the Earth's crust as a mineral, known as zincite and can be
found in a few deposits all over the world. However, industrial production of zinc
oxide is basically obtained by three general methods [40]:

* The French process: Also known as the indirect process, this technique starts
by heating pure metallic zinc in an appropriate crucible until the boiling point
(temperatures above 907 °C). The zinc vapor obtained naturally reacts with the
oxygen in the air, resulting in a white, zinc oxide powder due to an oxidation
reaction. The particles are transported into a cooling duct and collected in an
adequate particle trap system. This indirect method was popularized by LeClaire
(France) in 1844 and therefore is commonly known as the French process. Its
product normally consists of agglomerated zinc oxide particles with an average
size of 0.1 to a few micrometers. By weight, most of the world's zinc oxide is
manufactured via the French process.

* The direct (American) process: In the direct process, the starting materials are
various contaminated zinc composites, such as zinc ores or smelter by-products. It
is reduced by heating with a carbon additive (e.g. anthracite) to produce zinc
vapor. The generation of carbon monoxide reduces the oxidic zinc and the zinc is
expelled as vapor. The zinc is reoxidized when it comes into contact with lower
temperature air, forming zinc oxide particulate. The combination of the reduction
reaction and the zinc vapor pressure combine to purify the zinc which is then
oxidized as in the indirect process. Because of the lower purity of the source
material, the final product is of lower quality in the direct process as compared to
the indirect one.

e Wet chemical processes: These routes usually start with purified zinc
solutions from which zinc carbonate or zinc hydroxide are precipitated. Before the
final product is obtained, some stages are required, such as, filtration, washing,
drying and calcination (mild temperatures ~ 800°C). For example, this zinc oxide
is produced as a co-product with sodium hydrosulfite, a bleaching agent used
primarily in the Paper Industry. Sulfur is present as zinc sulfide and other sulfur
containing compounds, with total sulfur content reaching up to 2% and producing
a lemon-yellow colored powder. Grades which are manufactured from
precipitated zinc hydroxide or basic zinc carbonate intermediates are often termed
as active zinc oxide. Mild heat treatment decomposes the materials into zinc
oxide. This oxide is relatively reactive, due to its very high surface area which
can be above 50 m¥g. Such products are useful in catalysts and latex rubber
applications.
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Other controlled thermal treatments make possible the generation of suitable
products for different markets. There is a very wide range of specifications for
different end uses and geographical locations, how these are met depends on the
practices of the individual zinc oxide manufacturer.

Zinc oxide production occupies an important place in the structure of the global
zinc market. The annual global consumption of zinc is 10.5-11 million tons, and
about 8% of it is used in the zinc oxide production. The largest consumption
sector of this product is the Rubber Industry for the manufacture of tires and
mechanical rubber goods [41].

Zinc oxide is a semiconductor with a large exciton binding energy (60 meV),
direct band-gap (E, = 3.37 eV) exhibiting near UV emission, transparent
conductivity and piezoelectricity. Moreover, it is biosafe and biocompatible, and
may be used for biomedical applications without coating.

Intensive research has been focused on the fabrication of zinc oxide
nanostructures and on correlating their morphologies with their size-related optical
and electrical properties [42-46]. Various kinds of zinc oxide nanostructures have
been realized, such as nanobelts, nanodots, nanorods, nanowires, nanotubes,
nanobridges, nanonails, nanowalls, nanohelixes and seamless nanorings among
other varieties [47-49].

Strict parameter controls of conventional zinc oxide processes as well as some
adaptations in the ordinary techniques are the key in the development of zinc
oxide nanostructured powders, which will be referred to from this point as “nano-
ZnO”. Two different techniques are being developed by the authors and will be
further detailed in this chapter.

The European Commission has listed nano-ZnO as one of the major
nanomaterials to be intensely commercialized between 2006 and 2014. Nano-ZnO
has attracted lots of basic research funding due to its highly versatile and
promising applications in biotechnology (antibacterial, antifungal and antifouling),
UV protection (sunscreens, paints, polymer nanocomposites and rubber),
optoelectronics (LEDs, hydrogen fuel, toner, sensors), among other exposed
applications [50].

The global production of zinc oxide equals over 1 million tons of zinc oxide per
year [51], less than 1% of this, however, is nano-ZnO. Currently, the major
production of nano-ZnO is mainly to supply the Sunscreen Industry where nano
ZnO (together with TiO2) serves as the UV absorber. Around 30% of sunscreen
lotion uses nano ZnO particles [52] as the photocatalysts that protects the human
skin from dangerous UV rays of sunlight.

Due to the remarkable photochemical reactivity of nano-ZnQO, it can match the
reactivity of micrometric ZnO with far smaller amounts of nano-ZnO, and this
approach, in turn, can greatly reduce the release of toxic zinc metal into the
environment.

Most of the work on nano-ZnO is still at the basic research stage [50]. It is
expected that by 2015, ZnO nanomaterials will be mass produced in a much larger
tonnage for various applications in automotive catalysis, sunscreens, antibacterial
products, rubber vulcanization, fungicides, pigments, nano-textiles, high-
performance coatings, water treatment, dental fillings, hydrogen fuel systems,
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chemical sensors, pollutant filters, toner photoconductor, and optoelectronics
[50, 53-54]. In any case, it is possible to find several industries spread around the
world that are producing different kinds of nanostructurated zinc oxides on a large
scale [55-61].

Photocatalytic Activity Applications of Nanostructured Zinc Oxide

Semiconductor materials such as zinc oxide show a vast number of interesting
properties, which are maximized when these belong to the nanostructured
materials as has already been discussed previously. However, one of the emerging
and intensively explored properties of this nanostructured oxide is its
photocatalytic activity mainly for the treatment of environmental pollution.

The Environmental Protection Agency (USA) has listed several volatile organic
compounds as contaminants in ground water. The list includes several chlorinated
aromatic and aliphatic compounds such as 4-chlorophenol, pentachlorophenol,
chlorobenzene, dichlorobenzene, carbon tetrachloride, chloroform, dichloroethylene,
trichloroethylene and dichloromethane, and other common organic solvents such as
phenols, toluene, benzene and xylenes [62].

Established waste water treatments such as activated carbon adsorption,
membrane filtration, ion exchange on synthetic adsorbent resins, chemical
coagulation, etc., also generate wastes during the water treatment process, which
requires additional steps and consequently more investment. In recent years, the
heterogeneous photocatalytic oxidation (HPO) process employing ZnO and UV
light has emerged as a promising new route for the degradation of persistent
organic pollutants, and produces more biologically degradable and less toxic
substances [63-64].

The photocatalytic phenomena of zinc oxide occur due to the presence of a
large number of defects in the crystalline structure such as oxygen vacancies,
interstitial zinc atom from the donor states, zinc vacancies and intestinal oxygen
atoms from the acceptor states. The electronic condition created in this structural
arrangement produces a band-gap, an intrinsic characteristic of semiconductor
materials, by the existence of a forbidden gap between the valence and the
conduction band. The photocatalytic activity of zinc oxide occurs only when
photons with energies greater than the band-gap energy can result in the excitation
of valence band electrons, which can then promote a reaction. The absorption of
photons with lower energy than the band-gap energy or longer wavelengths,
usually causes energy dissipation in the form of heat. The illumination of the
photocatalytic surface with sufficient energy leads to the formation of a positive
hole in the valence band and an electron in the conduction band [65]. After the
light excitation the pair electron-hole created could have an electronic
recombination releasing heat or could be involved in electronic transfer with other
species and interact directly or through some photosensitizers with organic
substrates. The positive hole oxidizes either pollutant directly or water to produce
hydroxyl radicals (*OH), whereas the electron in the conduction band reduces the
oxygen adsorbed on the catalyst [66]. Based on this principle zinc oxide and more
recently nano-ZnO have received attention in research on the degradation of
different organic specimens that are environmental pollutant.
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An important feature in the environmental photocatalysis is the selection of
semiconductor materials such as ZnO and TiO,, which are close to being two of
the ideal photocatalysts in several research proposals. These oxides are relatively
inexpensive, and they provide photogenerated holes with high oxidizing power
due to their wide band gap energy [67]. Since ZnO has almost the same band-gap
energy as TiO,, its photocatalytic capacity is anticipated to be similar to that of
TiO,. However, in the case of ZnO, photocorrosion frequently occurs with the
illumination of UV light, and this phenomenon is considered one of the main
reasons for the decrease of ZnO photocatalytic activity in aqueous solutions
[68,69]. However, some studies have confirmed that ZnO exhibits a better
efficiency than TiO, in photocatalytic degradation of some dyes, even in aqueous
solution [70,71]. ZnO has sometimes been reported to be more efficient than TiO,.
Nevertheless, the biggest advantage of ZnO is that it absorbs over a larger fraction
of the solar spectrum than TiO, [72]. For this reason, ZnO is quite suitable
photocatalyst for photocatalytic removal in the presence of sunlight [73].

As was previously mentioned in this chapter, two researches that are being
developed by the authors focused on the production of nano-ZnO powders will be
described. This nanostructured material is being produced, on the one hand, by a
suitable adaptation of the extensively used industrial technique (French process)
and, on the other hand, based on a flame synthesis process.

The first nano-ZnO process mentioned is based on the thermal evaporation of
pure metallic zinc in an oxidative atmosphere and is in development as an
industrial prototype. It consists basically of a horizontal tube furnace with strict
control of parameters such as temperature of the reactional environment, gas flow
and the position of the injection points of the gases. The apparatus that was newly
developed is passing through a patent request process. The methodology
employed appears to be an interesting alternative for producing nano-ZnO on a
large scale without any residual pollutants. Depending on the procedural
conditions, the nano-ZnO produced can be either shaped as nanowires or
nanotetrapods, with a white, agglomerated powder aspect.

The second technique developed for obtaining nano-ZnO consists of a flame
synthesis. This flame-based equipment was also completely assembled in the
laboratory. This method, basically, consists of forming a spray from a liquid
combustible solution as the precursor, which is then burnt at the high temperatures
of the flame, producing the nano-ZnO product, which is later collected in a
powder collector system [74]. The nano-ZnO produced is composed of espherical
primary nanoparticles that remain in an aggregated state. Flame-based techniques
are a continuous and well-established method and are considered cost-effective
processes that have the potential for large scale nanoparticles production [75,76].

The wide range of morphologies of nano-ZnO are well illustrated in the
literature as well as the considerable amount of processes and applications that are
being developed. It is also clear that each nanostructure created proves to have
great effects on their widely varying properties and corresponding potential
applications [77-80].

An interesting approach at this point is to compare the photocatalytic activity of
both nano-ZnO materials synthesized by the authors through the mentionated
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procedural techniques and have an evident distinct morphology. Figure 7.11 shows
micrographies produced by scanning electron and transmission electron microscopic
techniques of both nano-ZnO powders. The thermal evaporation-based nano-ZnO
(ZnO TEDb) reveals a structural shape of tetrapods with an acicular edge diameter of
30-50 nm and a core diameter of a few micrometes. The flame synthesis-based
nano-ZnO (ZnO-FSb) shows the primary particles with a spherical shape with 2040
nm of diameter. The specific surface area of the nano-ZnO powders, measured by
Brunauer-Emmett-Telle (BET) N, sorption technique, results in significantly
different values corresponding to 8.35m?/g for ZnO-TEb and 17.34 m?/g for the
ZnO-FSb. The discrepancy of the measurements can be attributed to the powder
agglomeration that the nanotetrapod shaped ZnO acquired after being processed as
well as to some metallic zinc that could remain after processing, which is being
investigated.

Y

18kUly" XZB. B8

Fig. 7.11. Scanning electron migrographies of nano-ZnO obtained via the French process
(a) and the Flame process (b). Transmission electron micrographies of nano ZnO obtained
via the French process (c) and Flame process (d).

The photocatalyitic activity of the nano-ZnO was measured by the evaluation of
a standard solution of methyl orange (MO) in a photochemical reactor using the
same methodology as described in the work of Trommer R. M. et al [74]. Figure
7.12 shows the photocatalytic degradation of MO by the nano-ZnO obtained. One
can observe that in a period of 20 min the ZnO-TEb reaches almost 80% of MO
degradation while the ZnO-FSb achieves 10% of degradation.
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Fig. 7.12. Photocatalytic activity of nano-ZnO with different morphology described by a
Transmittance versus time in the degradation of methyl orange dye.

The different behavior of the nano ZnO materials can be attributed to the
morphology of the nanoparticles and not to the specific surface area. Some research
discusses the improvement of the photocatalytic activity of particulate systems
through the decrease of particle size at nanometric scale [81-83]. Decreasing the
average particle size increases the specific surface area and consequently increases
the number of active surface sites where photogenerated charge carriers are able to
react with adsorbed molecules to form free radicals. Decreasing the particle size of
a photocatalysts, though, also increases the rate of surface charge recombination
[84]. As a consequence the activity of photocatalyst nanoparticles does not increase
with decreasing particle size inferring that some alternatives to inhibiting charge
carrier recombination are required to verify this behavior [85].

An argument proposed by Y. Wang et al [86] indicated that the differences in
the photocatalytic activity of distinct nanostructures of zinc oxide could be
associated with the number of oxygen vacancy sites present. These vacancies act
as active center and are the main reason for causing the difference in
photocatalytic activities for varied morphologic nano-ZnO.

7.4 Concluding Remarks

Summarizing: it is strictly necessary to understand the physiochemical principles
involved and correlated with the photocatalytic behavior of species such as TiO,
and ZnO. Comprehending the behavior of these materials in different
environments such as water or air, as well as the radiation used to stimulate the
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photocatalytic activity and correlating these systems with the morphology and
particle size of the material to be used, are fundamental to develop a guide for the
treatment of organic pollutants and consequently to find other uses for such
potential photocalatysts semiconductor nanomaterials.
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