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INTRODUCTION

With all the advancement in technology and sciencew it is possible to look beyond the obvious.
Nanotechnology, with its focus on the nano-scalengerging as one of the leading fields in researttis field
should center on the different aspects of designéyathesis, characterization and application ofenias falls
under the nano-scale definition.

The nano-science is usually classified as a subebraf other major fields of science, such as chkegiand
physics, but involves the technology suitable Fer hamed scale and the ways of manipulating th@lsano fit the
technique [1-3].

At the nano-scale, the materials often show diffecdemical, physical and biological behaviors. Shehanges are
mainly attributed to the particle size which mayéis structural effect.[3].

One important aspect of nano-particles is the laatje of surface area to volume that is usualsoamted with the
small particle size. This large ratio becomes \&@gpificant in researches dealing with surface rezgein general
and surface chemistry in particular.[4].

Application of nano-scale materials, although heistaken its full range yet, is promising to op&wrhorizons in
improving the environment. This improvement is daling suit the successful application of nano-tetbgy in

consumer products and other sectors. Both direttiratirect application of these materials are neailable and
proven to be useful to detect, and remove pollstast well as to design industrial processes thatkan and
environmentally friendly.

Processes such as removing contaminants from sdilgeound water now are better carried out using imano-
particle. By using zero-valent iron nano-particlesmediation of contaminated ground water is nowwshg
potential benefits especially if the environmemi@hcern is kept in mind.[4].

It is still, however, too early to judge on thelfstale of this technology. This is true in part&guvhen it comes to
designing applications for optimal performance mdétermine the potential risk to both human andrenment.
Awareness to activate this area of research hamieewital now.

One of the main environmental applications of naabhology is in the water sector. Worldwide, therses of
fresh water are becoming less and less. One masones contamination in addition to the misusthefresources.
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Expensive desalination of sea water is now deggitkigh cost being considered as an option in na@egs of the
world. It is a well known fact that the salted wabedy of the world is huge and could solve thebfrm of water
scarcity if a technique of desalination with reasae cost is developed.

Example of such techniques is the use of carbon-thare membrane with a potential ability to minimithe sea-
water desalination cost. Likewise, surface watert@minated with hazardous substances or chemaadsground
water could also be cleaned off using nanofiltédanosensors could also be useful in detecting Wwatee
contaminants.

Moving from soil and water to air, application ainotechnologies could prove to be promising. Indgovolumes
could be purified using nano-based techniques thaamo-filters. Better air quality could be attetidy attaching
nano-filters to automobile tailpipes (mufflers athaust pipes) to filter off contaminants and praaless hazardous
smoke.

Another potential area of application for nanotegbgy is the development of nano-sensors with thidity of
detecting toxic gas leaks at extremely low conegiuns.

In general, it is obvious that sky is the limit fire multitude of potential environmental applioas of this
emerging technology which deservedly is drawingtaf research and attention.

What is the nanotechnology?

What is the Nanotechnology?

The word nanotechnology has been coined of thewwals: The Greek numerical prefix “nano” referritg a
billionth, and the known word “technology”. Theredp Nanotechnology or Nanoscale Technology shall dith
particles of sizes 0.fim or 100nm.( A nonometer is one billionth of a mete., 10° m.). Nanoscale science (or
nanoscience) studies the phenomena, properties, ragdonses of materials at atomic, molecular, and
macromolecular scales, and in general at sizesdeetd and 100 nm.

As the particle size becomes very low, the propsrtif the matter become significantly different vehquantum-
scale effects start to play an important role.

To be more precise, the Nanotechnology could treeddfined as “the design, the manipulation, thédimg, the
production and application, by controlling the shagnd size, the properties-responses and funatipnafl
structures, and devices and systems of the ordessithan 100 nm” [5,6].

This tiny particle size has given nanomaterialsyvpeculiar properties such as those found in cartubes,
fullerenes, quantum dots, quantum wires, nanofjbansl nano-composite to list few. This diversityd arovelty
open the door wide for new applications and tealesg

The market has responded very positively for narerizds, and now, it is customary to find all kirof
nanoproducts sold commercially. Ceramics, metatssmetics, paints and varnishes, polymers, sunssreen
electronics and smart textile are just main tittes hundreds of material that could easily be foundthe
commercial market. However, this wide spread obéhmaterials requires the development of new metlaodl
instruments to cope with fast growing and increaseknowledge in nanoresearches and findings.likesany new
thing, the impact on environment and general healtlst also be examined and assessed. In this retyerd
development of specific guidance documents at bajlievel for the safety evaluation of nanotechgglproducts

is strongly recommended.

At the nanoscale, the properties of materialstttines are different because of two factors:

1. Ratio of surface area-to-volume of structureeases (most atoms are at or near the surfaceh wihége them
more weakly bonded and more reactive)

2. Quantum mechanical effects are important (@fzgructure is on same scale as the wavelengtekeofrons, and
guantum confinement occurs resulting in changeddatronic and optical properties [7].

Non-electrolyte-based Methods for Synthesis of Nastructure

Hydrolysis

In some instances, precipitation from an electeolyill cause the formation of an insoluble hydrexithat can be
changed to its oxide by heat-aided dehydration.n@ted methods for fabrication of monodispersed aidAl

523



Ameer A. Ameeret al J. Chem. Pharm. Res., 2015, 7(8):522-530

microparticles have been investigated in differpapers. For example, metal (hydrous) oxide pagiciere

fabricated by hydrolysis involving adjusted depration of hydrated cations. Covered colloidal méet can also
be fabricated by using hydrolysis. Controlling thelrolysis of aluminum salts, where solute compgents were
shaped instead of precipitation, materials sucthematite, chromia and titania were covered withagel of

aluminum (hydrous) oxide. Deposition of the coatowgurred by surface precipitation, which was agjgidy the
available surface area of the particle substradetiag concentrations of the complex agents cre#iegoating. The
thickness of the coating was changed by the massragders and treatment time of the process [8, 9].

Hydrothermal

In hydrothermal methods, the reaction mixture iatbd at temperatures above the boiling point oéwiat a closed
system such as an autoclave and the sample igdrégt steam at high pressure. Precipitation ofoniec under
hydrothermal conditions will lead to nhanopowdershwa narrow size distribution and adjustable cortjmrsand

nanostructure. Treating Zr(Q)R by this method at 250 °C in the presence of Mg80O(NH,),SO, caused the
fabrication of acicular monoclinic zirconia. Zirdanfine particles have dimensions around 0.3-1.3 imiength

and 0.1-0.2 mm in width [10, 11].

Sol-Gel Processing

The sol-gel process in general is based on the transition efsiem from a liquid “sol” (mostly a colloidal
suspension of particles) into a gelatinous netwget” phase. With this, it is possible to creatdat temperature
ceramic or glass materials in a wide variety ofrfer It is a long established industrial process ihaery cost-
effective and versatile It has been further devetbjm last few years for the production of advancadomaterials
and coatings but also in bio-MEMS application foe production of piezoelectrics, such as lead—aitoo—titanate
(PZT) [12] or membranes [13]. Sol-gel processesveztt adapted for oxide nanoparticles [14] and cosiig
nanopowder synthesis as well as for access to icrgaorganic materials. A summary of all the possiinterlinked
combination of organic and inorganic nanocompoghiasare produced by the sol-gel method is pravidd=igure
1. The basic flow of the sol-gel process is descriin Figure 2.

Organic
networks

Inorganic
networks

nanomers

Inorganic

Nanoparticles

Figure 1: System model for nanocomposites producdsy sol-gel [15] Precursor

Nano Crystalline Photo-catalysts

Nanocrystalline photocatalysts are ultrasmall semdcictor particles which are a few nanometres ze.dburing
the past decade, the photochemistry of nano sechibor particles has been one of the fastest gigpwesearch
areas in physical chemistry [16]. The interesthase small semiconductor particles originates ftheir unique
photophysical and photocatalytic properties [17].

Several review articles have been published coimgriihe photophysical properties of nanocrystalline
semiconductors [18-22]. Such studies have demdadtrdnat some properties of nanocrystalline sendaotor
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particles are in fact different from those of buliaterials. Nanosized particles, with diameters iramppetween 1
and 10 nm, possess properties which fall into #ggon of transition between the molecular and thi phases
[17]. In the bulk material, the electron excited llght absorption finds a high density of stateshia conduction
band, where it can exist with different kinetic ggies [16]. In the case of nanoparticles however,farticle size is
the same as or smaller than the size of the ficiterl state. Thus, the electron and hole genergied illumination
cannot fit into such a particle unless they assarstate of higher kinetic energy [23].
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Figure 2: Basic flow of a sol—-gel process [12]

Types of photocatalysts and their characteristics

Metal oxides with a wide band gap and high photasion resistance are considered the most suitable
photocatalysts.[24]. Table 1 shows the band gaprgeee at corresponding wavelength for widely used
semiconductors. The most effective and consequehdymost used semiconductor in water and wasterwat
treatment studies is titanium oxide (B)Qvith a bnd gap energy ranging between 3.0-3.Zhis is true because of
the oxide’s low cost, thermal stability, non-toxjGi chemical and biological inertness, and its’ afaifity of
promoting oxidation of organic compounds.[25]. hitan dioxide, also known as titania, titanium whitganic
anhydride, or titanic acid anhydride, shows a ptatalytic activity that is a function of its suraand structural
properties. Such properties may include photocttalgegradation of organic pollutants in water, stay
composition, surface area, particle size distrinytporosity and band gap energy.[26].

Titanium dioxide comes in the main crystalline foofnrutile. Other forms of lesser importance dowgcehey are
anatase, brookite and a third form known as, ).

To obtain the anatase, ilmenite FeZi® reacted with sulfuric acid to get titaniumfate. This later compound is
usually processed to produce the anatase.

The rutile form is obtained by the chlorination cdw rutile to produce titanium tetra chloride. Tdidoride is then
oxidized in vapor phase to produce the pure r{@ifg.

When photon energy (hv) of higher than or equath® bandgap energy of TiO2 is illuminated ontosisface,
typically 3.2 eV (anatase) or 3.0 eV (rutile), dome electron is photo-excited to the empty conidacband in
femtoseconds.

The most widely used form of titanium dioxide isdaaby Degussa (D25) and composed of 75% anatas25
rutile with a specific BET (Brunauer—Emmett—TelJesurface area of 50%g.

“The high effectiveness of D25 is related to thi@iliition of recombination process on LiO(E;, -hys +) due to the
smaller band gap of rutile that absorbs photonsgamrates electron-hole pairs and the electrosfea from the
rutile conductive band to the electron traps ocauthe anatase phase” [28].

Chemical Structure of TiO,

TiO, is one of the transition metal oxides. As previgusentioned, there are four commonly known polypiar of
TiO, found in nature: anatase (tetragonal), brookitth@whombic), rutile (tetragonal), and Ti{B) (monoclinic)
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[30]. Besides these polymorphs, two additional Fpgéssure forms have been synthesized from thke npiiase.
These are Ti®(ll) [31] with a PbQ structure and Ti©(H) [32] with a hollandite structure. In this rew, only the
crystal structures (Table 2) [33—-35] and propemiethe rutile, anatase and brookite polymorphscaresidered.
Rutile TiO, has a tetragonal structure and contains 6 atomgnitecell (Figure 3).

Table 1: Band gap energies of various semiconduc®at relevant wavelength [29]

Semiconductor| Band gap energy (eV) Wavelength
TiO, (rutile) 3.0 413
TiO; (anatase) 3.2 388
ZnO 3.2 388
ZnS 3.6 335
Cds 2.4 516
FeO; 2.3 539

Table 2: Crystal structure data for TiO, [33-35]

Properties Rutile Anatase Brookite
Crystal structure Tetragonal Tetragonjal Orthirhampi
- _ a=9.184
Lattice constant (A°) 2: gggg’? 2: ggfg b= 5.447
-~ e c=5.154
Space group RB¥nnm 14\amd pbca
Molecule (cell) 2 2 4
Volume\ molecule (A 31.2160 34.061 32.172
Density (g cni®) 413 3.79 3.99
Ti-0 bond length (&) | 320 E‘Z‘g hpedd E‘Z‘; 1.87-2.04
O-Ti-O bond angle oye Tl romos

[oD1] Rutile

1.946 A Titanium

[010]
(oo] 1.983 A [010] [100]
"[001]
Anatase
1.966 A
\Q

102.308"

fl} 1.037 A

[001)
— i
[100] [010]

Figure 3: Crystal structures of the ruitle and anaase phases of TiO2
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Rutile:

The TiQs octahedron.is slightly distorted [36-38]. At pnargs above 60kbar, the Ti(@l) form becomes the
thermodynamically favorable phase, while the rutilem is most stable form at ordinary temperataned pressure.
Zhanget.al. reported that anatase and brookite transformetigautile phase when they reach a certain particle
size. When the particle size is above 14nm, thikerfdrm predominates. [40]. Once the rutile phaise®rmed, it
grows much faster than anatase. The poor photgtataktivity of rutile could be improved by folldng certain
preparation routes, Sclafagt.al. concluded. [41].

Anatase:
This phase exists in a tetragonal structure withoae distorted octahedron than the distortion founaltile. Figure
1.[42,43].

At temperatures as low as OK, anatase is mordesthan rutile. However, the nergy difference betwé¢he two
phases is sma{k2 to 10 kd/mol)as reported by Muscat. al[44].

The high electron mobility, low dielectric constarid lower density are all factors made anatadsetpreferred
over other polymorphs for solar cell applicatio@][3

This increased photoreactivity is because of tighg} higher Fermi level, lower capacity to adsarkygen and
higher degree of hydroxylation in the anatase phése

Selloni [46] reported that the reactivity of (OGarets is greater than that of (101) facets inraatase crystal, while
Yang et al. [47] were able to synthesize uniformatase crystals containing 47% (001) facets usirdydfluoric
acid as a morphology controlling agent.

Brookite: Brookite TiQ belongs to the orthorhombic crystal system. It cell is composed of 8 formula units of
TiO, and is formed by edge-sharing FiGctahedra (Figure 2). Because of its complicatadt&ire with a large cell
volume combined with its low density, this phaseswthe least explored phase and its use in expetémnen
investigations was limited.

TiO, is a large-band semiconductor, with band gaps.af 302, and 2.96 eV for the anatase, rutile amadHiite
phases, respectively [48]. The valence band of l8@omposed of the 2p orbitals of oxygen hybridinéth the 3d
orbitals of titanium, while the conduction bandaidy the 3d orbitals of titanium [49].

Recombination

D..

Figure 4: lllustration of the principles of photocatalysis stowing the energy band gap diagram of a Ti@spherical particle
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Photocatalytic degradation mechanisms using Ti©

1. Photocatalytic oxidation

The detailed mechanism of the process has beeiledetaeviously in literature [50] and will be onlyriefly
summarized here. It is well established that cotidadand electrons (eand valence band holes’lare generated
when aqueous TiDsuspension is irradiated with light energy gredlan its band gap energkd, 3.2 eV). The
photogenerated electrons could reduce the dyeaot wéth electron acceptors such asadsorbed on the Ti(lll)-
surface or dissolved in water, reducing it to sopiete radical anion ©~. The photogenerated holes can oxidize the
organic molecule to form Ror react with OHor H,0 oxidizing them into OHradicals. Together with other highly
oxidant species (peroxide radicals) they are repgorto be responsible for the heterogeneous , TiO
photodecomposition of organic substrates as dyesomling to this, the relevant reactions at theisenauctor
surface causing the degradation of dyes can bessgd as follows:

TiO, + hUV) — TiOx(ecs ™ + hvs +) (1)
TiOa(hvg +) + H;O — TiO, + H + OH 2
TiOx(hvs ) + OH-— TiO, + OH (3)
TiOx(ecg-) + O, — TiO, + O (4)
O,” + H+—> HO,® (5)
Dye + OH — degradation products ) (6
Dye + hyg, — oxidation products @)
Dye + gg-— reduction products (8)

The resulting *OH radical, being a very strong @ity agent (standard redox potential +2.8 V) czidiae most of
azo dyes to the mineral end-products. Substrateenotive toward hydroxyl radicals are degradeg@leying TiO,
photocatalysis with rates of decay highly influeth¢y the semiconductor valence band edge posifibh The role
of reductive pathways (Eq. (8)) in heterogeneoustqutatalysis has been envisaged also in the degyadaf
several dyes but in a minor extent than oxidatis#.[

2. Photosensitized oxidation

The mechanism of photosensitized oxidation (cadllsth photo-assisted degradation) by visible raatiafl > 420
nm) is different from the pathway implicated undi®y light radiation. In the former case the mechamsuggests
that excitation of the adsorbed dye takes placgisiple light to appropriate singlet or triplet &g, subsequently
followed by electron injection from the excited dymlecule onto the conduction band of the Jigarticles,
whereas the dye is converted to the cationic dgieais (Dy€") that undergoes degradation to yield products as
follows [53]:

Dye +hv(VIS) — 1Dye or 3Dye (9)
1Dye or 3Dye + TiO, — Dye™ + TiO,(ecs-) (10)
TiOx(ecs.) + O, — O, + TiO, (11)
Dye™ — degradation products (12)

The cationic dye radicals readily reacts with hygtaons undergoing oxidation via reactions 13 dddor interacts
effectively with Q™~, HO, or HO™ species to generate intermediates that ultimétaly to CQ(Egs. (15)—(19)).

Dye™ + OH-— Dye + HO (13)
Dye + 2HO — H,O + oxidation products (14)
O,” + H+— HO, (15)
HO, + H'+TiO,(ecg) — H,0, + TiO, (16)
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H202 + TIOZ(eCB_) — HO + HO + TlOZ (17)
Dye“+0,” — DO, — degradation products (18)
Dye"+HO, (or HO) — degradation products (19)

In experiments that are carried out using sunl@hsimulated sunlight (laboratory experiments)sithiought that
both photooxidation and photosensitizing mechan&eurred during the irradiation and both Jiénd the light
source are necessary for the reaction to occuhdrphotocatalytic oxidation, Tihas to be irradiated and excited
in near-UV energy to induce charge separation. l@nather hand, dyes rather Gi@re excited by visible light
followed by electron injection onto Tg&onduction band, which leads to photosensitizadadion. It is difficult to
conclude whether the photocatalytic oxidation ipesior to the photosensitizing oxidation mechanismt the
photosensitizing mechanism will help to improve twerall efficiency and make the photobleachinglyés using
solar light more feasible [54].

CONCLUSION

The future may go nano! This may seem like an datgment, but with the fast growing application tbé
nanotechnology, especially in the fields of reskdroth for purely scientific purpose or for devetmmnts of new
applications, information and communication tecbggl electronics, energy, medical and biologicaglliaptions,
and much more, the above statement may prove éochgate sooner than one imagines.

At the nano level, new nano-biomaterials and namgogs are being introduced every day. These dewieted to
tune the properties, responses and functions wfgliand non-living matters, at the nano world wgtrticle sizes
below 100 nm.

As outlined in this paper, the nanoparticles ofisemductors, such as TiOcould be used as a photoctalyst for the
degradation of pollutants. Titanium dioxide could ery close of being the ideal photocatalytic samductor
because it is cost effective, solution photo-sighihon-toxicity, redox selectivity and strong diging power of
holes.
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