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Abstract

“Photocatalysis” an emerging field focuses on ¢én@ironmental applications. Organic
reactions such as photooxidation, photoreducti@terbcyclic organic compound synthesis,
cyclization reactions, mineralization of azo dydegradation reactions of organic pollutants,
polymers, plastics etc., has been mainly focusethisireview.
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1. Introduction

Photocatalysis refers to the acceleration of thete rof chemical reactions
(oxidation/reduction) brought about by the catalystually a semiconductor oxide by UV or
visible radiation. Photocatalysis has become aegnai part of the advanced oxidation process
(AOP) which employs oxidizing agents like;®b, Os;, Fentons reagent etc., for the effective

detoxification of various organic pollutants.

Photocatalyst+hy — » e +h*

Mechanism of the UV Photocatalysis involves thaggation of valence band holes and
the conduction band electrons, when a semicondymtotocatalyst absorbs light photon of
energy greater than or equal to its band gap. Tdleshmediate the oxidation of organic
compounds by the formation of hydroxyl radicals @he electrons mediate the oxidation and
reduction reactions by the formation of superoxiaéicals. The charge is transferred between

the electron-hole pairs and an adsorbed, grounel, seactant on the photocatalyst surface.
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1.1 The Photocatalytic reaction

The series of events following the illuminationaphotocatalyst-reactant interface may
be initiated by either (A) light absorption by thatalyst, which leads to the activation of the
reactant, or by (B) direct excitation of the reattavhich is then quenched by the catalyst.
Mechanisms (A) and (B) may operate simultaneously aemiconductor-reactant interface,
though (A) is generally considered to be the pringiep for photocatalytic oxidation.

In the presence of electron-hole pairs on thdysitaurface, and water as vapour form in
air, produce the oxidizing agents such as reactgen species (ROS) which include oxygen
(0,), superoxide (@), peroxide (&), and hydroxide (OH) radicals. These species can
participate in a host of oxidation-reduction (reflogactions, which are highly effective at the
chemical destruction of VOC’s (volatile organic qumunds), particulate matter, microbes,
ozone, NOx, and SOXx.

Excited state conduction-band electrons and veland holes can recombine and
dissipate the input energy as heat, get trappeteia stable surface states, or react with electron
donors and acceptors adsorbed on the semicondiwgface or within the surrounding electrical
double layer of the charged particles. In the abserf suitable electron and hole scavengers, the
stored energy is dissipated within a few nanosesdogl recombination [1]. If a suitable
scavenger or surface defect state is availableadap the electron or hole, recombination is
prevented and subsequent redox reactions may oc¢ber.valence band holes are powerful
oxidants, while the conduction-band electrons a@lgeductants.

2. Photocatalytic semiconductor materials:

Several simple oxide and sulfide semiconductorse Hezand-gap energies sufficient for
promoting or catalyzing a wide range of chemicalct®mns of environmental interest. They
include TiQ (Eg= 3.2eV), WQ (Eg = 2.8 eV>, SITIQ(Eg = 3.2 eV), ZnO (Eg = 3.2 eV), and
ZnS (Eg = 3.6 eV). The redox potential of valen@md hole and conduction band must be
positive and negative respectively to generate dwydrand superoxide radicals. The band gap
energy and the redox potentials [2] of the most mmm semiconductors, used as photocatalysts
are shown below. The metal sulfide semiconductoes umnsuitable based on the stability
requirements in that they readily undergo photodanaorrosion, while the iron oxide
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polymorphs are not suitable semiconductors, eveugh they are inexpensive and have
nominally high band gap energies, because theyilyeanldergo photo cathodic corrosion [3].
Titanium dioxide in the anatase form appears tdhgemost photoactive [4, 5] and the most
practical semiconductor for widespread environnleapplication such as water purification,
wastewater treatment, hazardous waste contrgduaification, and water disinfection.
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ZnO appears to be a suitable alternative to,;Ti@wever, ZnO is unstable with respect
to incongruous dissolution [6,7,8] to yield Zn(Qkn the ZnO particle surfaces and thus leading
to catalyst inactivation over time.

Titanium dioxide has different crystalline formEhe most common forms are anatase
and rutile. The third crystalline form is brookitehich is uncommon and unstable. In the
photocatalysis applications, it is known that, asatis more efficient than rutile. Although BiO
exist in two forms as anatase and rutile, anatagh Wsc=3.2eV is more active for
Photocatalysis applications, even though rutilenvis=3.0eV, indicating the possibility of
absorption of longer wavelength radiation. Thidbécause of CB position of anatase form is
more negative when compared to rutile form, whiesuits in the higher reducing property of

anatase.



2.1 Mechanism for the TiO, Photocatalytic reaction:

Charge-carrier generation
TiOy+hy —— hy* + ey

Charge-carrier trapping I
hey* + TIVOH ——= | >TIYOH |

6 + TIVOH <—={ >TillOH |

ey + TV — >Ti

Charge-carrier recombination
.+ .
e + [ >TiVOH } —»{ >Ti""oH ]
he'+| >Ti"oH | —= TiVOH

Interfacial charge transfer
{ >Ti'Vo'H] +Red — >TiVOH + Red**

e +OX — STIOH+Ox *

where >TiOH represents the primary hydrated serfaactionality of TiQ,[1] ey, is a
conduction-band electron é@s a trapped conduction-band electrop, s a valence-band hole,
Red is an electron donor (i.e., reductant), Oxiglectron acceptor (i.e., oxidant), { ¥OH}*
is the surface-trapped VBole (i.e., surface-bound hydroxyl radical), anéTi" OH} is the
surface-trapped CB electron. Because of reversihénging in the oxidation state from +4 to
+3, TiO, was found to be a most favored photocatalyst.

The ideal photocatalyst should posses the follgwmnoperties: (i) photoactivity, (ii)
biological and chemical inertness, (iii) stabiliiyward photocorrosion, (v) suitability towards
visible or near UV light, (vi) low cost, and (v@dk of toxicity [9]. With these advantages, along
with environmentally benign, low cost and the eatesynthesis makes Ti¥Oas mostly used
photocatalyst.

2.2 Mixed semiconductors

Generally speaking, any semiconductor doped wi#bcandary dopant would increase its
activity. Several metals have been used for dopimege include Pt, Lj Zré*, cd*, Ag*, Co™,
cr, Fe*, AI*', etc., [10]. The presence of transition metalséases the photocatalytic activity
either by scavenging electrons that reduce thembowtion of charges and therefore favors the
HOe formation, or by modifying the surface propestiof the material regarding the active sites,
presence of defects etc., which could increasetiserption and favor the interfacial reactions.

In mixed semiconductor photocatalysts, the syngh@socedure has a marked effect on the
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catalytic activity of the hybrid photocatalyst @ported in the case of Ti5iO,[11], TiO,-V205
[12], etc. This might perhaps be because the reowhbn is increased by crystallite defects.

CdS +hy —» CdS(h* +e)
TiOy+hv — > TiOy(h* + &)

CdS(h* + €) + Ti0, ——= CdS(h*) TiO2(e)

CdS(h* + &) + TiO(h* + &) CdS(h* + h*) + TiOy(e" + &)
Photocatalytic activity such as degradation, dkaha reduction etc., were depend upon
the presence of doped metal or non-metal or codloge with TiG, was reported by Chen et

al.,[13] as shown in table 1.

Tablel

Photocatalytic effect of various metal ions, nortahand co-doped with Ti©

Metal ion doped TiQ Photocatalytic activity

s Photodegradation of phenol

Fe' Photocatalytic disinfection of E.Coli

V2 Photooxidation of phenol

Pt Photodegradation of dichloroacetate and 4-chloenph

Ag® Photodegradation of 2,4,6-trichloro phenol

Au® Photodegradation rate of salicylic acid

V2 Reduced photocatalytic activity for the oxidatidmechloro
phenol

cré* Oxidation of oxalic acid, propene, 2-propanol

CU, Fe*, zr*, AI** Reduced photodegradation of Rhodamine B

cr, Ag Enhanced photodegradation rate for Rhodamine B

Co-doped TiQ

Cr/N Reduced photocatalytic efficiency in thgalation of methylene
blue

Li*, Na', K" Degradation of organic pollutants

Au/N Higher photocatalytic activity for the degiation of methyl orange

Au/Fe Enhanced activity for CO oxidation

Non-Metal doped

TiO;

N Higher photocatalytic activity for the deconsgmn of methylene
blue and for the oxidation of isopropanol tetane

C Higher photocatalytic activity for the degrada of CkCOOH

F Higher photocatalytic activity for the oxidati of acetone to CO

N/F Higher photocatalytic activity for the decpaosition of
acetaldehyde and trichloroethylene.
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3. Application of Photocatalysis:
3.1 UV Photocatalytic degradation of organic compounds:

The complete mineralization of organic chloro soits (pollutants) into HCI and GO

using TiQ as a photocatalyst has been demonstrated byaDtli€oworkers [14].

Semi conductor
Organic Pollutant + O, ———————— C0,+ H,0 + Mineral acid
hv

3.2 Degradation of Chloro compounds:
Kormann et al., [15] have proposed the followingamanism for chloroform oxidation

after generation of the electron-hole pair duexatation at wavelengths less than 380 nm.

hv

TiOH + HCCl, TidH, + CCly

CCl+0, —  20,CCly
20,60, —  20CCly
20CCly+HO, ——=  CLCOH+0,
.
ClaCOH —= ClLCO+H +ClI

CLCO+H,0 — COz+ 2H + 281

Among the chloro compounds, the relative ease gfattation as follows:
Chloroolefins > chloroparaffins > chloro acetiechac

Bromo compounds like CHBand CHBr, exhibit higher degradation rates compared to
corresponding chloro compounds. The semiconduetiosiszer for the above reactions must be
photoactive, able to utilize visible and UV lighiplogically and chemically inert, photostable

and inexpensive.

3.3 Photodegr adation of phenol:

The degradation of phenolic compounds proceedsapily by the attack of the hydroxyl
radicals, which results in the hydroxylation of frerent compound at the ortho or para-position,
due to the ortho- or para-directing nature of tihermlic -OH group [16, 17]. These are the
primary intermediates, which on further exposusailts in the formation of a fully hydroxylated
secondary intermediate species. Further oxidatsults in the fragmentation of the benzene

ring to form C-6 and C-5 aliphatic carboxylic acalsd aldehydes. In the case of chloro or nitro
6



substituted phenols, the hydroxyl group replaces $ubstituent group before the ring
fragmentation.

The longer (C-6, C-5, C-4) chain organic acids alughydes on longer exposure periods
yield C-3, C-2 and C-1 organic acids. Finally, #¢aghorter chain compounds mineralize to form
CO, and HO. The degradation order of phenols as follows:
pentachlorophenact trichlorophenol> dichlorophenob 4-chlorophenok 2-chlorophenob 2-

methyl phenok 3-methyl pheno® phenol.

EDG EDG EDG
@ Tio, ©OH ) ©
hv
OH
EWG EWG EWG EWG
m & & &
hv OH

OH

EDG - electron donating group  EWG - electron withdrawing group

Chloro-methyl phenols (cresols) degrade muchefasbmpared to chloro-nitrophenols,
which can be attributed to the ring deactivatinureof the nitro group for the hydroxyl radicals
to react with the phenolic compound. Moreover, aisviound that the degradation is independent
of the position of the substituents, but dependthemature of the substituent group. In another
study, nitro substitution was found to retard tlegrédation rate of nitrobenzene, while chloro-
and hydroxy substitution resulted in an enhancenmetiite degradation rate [18].

TiO, catalyzed photocatalysis can be used to obtain rhgdooxylated aromatic
derivatives in fairly good yields [19, 20]. Underadiation, the aromatic compounds adsorbed on
the catalyst surface undergo two competing reagiathways: (i) hydroxylation of the aromatic

ring or, (ii) multi-step oxidation reactions to cplate mineralization.
OH o] OH

@ OH ¢ C Y on
S \
5 HO OH

O.I'f fﬁOH

=

&l

nCH,COOH + HCOOH
HOCH,-CH,0OH + HOCH,-CHOH-CH,OH
CHO-CH,0H + CH3;COOH \
H,0 + CO,
Photocatalytic degradation of phenolic compunds
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3.4 Degradation studies of dyes
3.4.1 General considerations

Most of the dyes are toxic and potentially cargewaic in nature and their removal from
the industrial effluents is a major environmentadlggem. Various methods have been suggested
to handle the dye removal from water; these inchheebiodegradation, coagulation, adsorption,
advanced oxidation process (AOP) and the membraoeegs [21-26]. The various AOPs
include the following:

(1) Photolysis (UV or UV-V),

(2) Hydrogen peroxide oxidation

(3) Ozone (Ozonation, photo ozonation) and
(4) Photocatalysis

Titanium dioxide mediated photocatalytic oxidatioas been applied more extensively
for dye studies. This is mainly because of its mst, stable nature and its optical absorption in
the UV region. The use of TiChas also guaranteed good results in detoxificatibmvater
samples loaded with molecules like anilines, alé®hend organo chlorides. A quick comparison
between TiQ and other semiconductors such as Zr€yeals that the photocatalytic efficiencies
are quite different. Although the band gap enertpedoth TiQ and ZrQ are the same (3.1eV)
the higher activity of Ti@could be assigned to a higher efficiency in theasation of the photo
generated charges (les#hé recombination rate) due to the structure of théensl.

The degradation of a dye can be characterizedanways: percent decolorization and
percent mineralization. Decolorization refers te tlduction in concentration of the parent dye
molecule under consideration at its charactenstgelength, but does not refer to the complete
removal of the organic carbon content. This is wune formation of colored dye intermediates,
which absorb at different wavelengths. Hence, ceteptlegradation or mineralization occurs
when all the organic carbon is converted to,Ciherefore, analyzing the mineralization of the
dyes in terms of the total organic carbon (TOC)tenhassumes importance.

The radical formed as a result of this reactiom wadergo further transformation to yield
other intermediates with smaller size. The presef@ectron withdrawing groups was found to

retard the degradation rate of the dye. They hawvidwaed the degradation of the dye to both



photosensitized oxidation and reduction mechanisitse anionic dyes exhibited higher
decolorization rates compared to the cationic dyes.
3.4.2 Effect of substituents

The substituents attached to the naphthalene grbaplye molecule were hydroxylated
more easily than those linked to the triazine gradpst of intermediates were aromatic and
aliphatic carboxylic acids, which were further axetl slowly to CQ. The mineralization rates
of the selected dyes were much slower than thelaieton rates.

3.4.3 Effect of TiO, form on dye degradation

Since various forms of Tikforms are available such as P-25 Degussa, Ti@na PC
100, TiG, Tiona PC 500 and nano-sized }j@he use of nano sized Ti@atalyst increases the
surface area of the catalyst which can lead to ndegradation of dye molecules at the end.
Anatase forms of Ti@were effective catalysts for the degradation dyeegreas rutile Ti@does
not efficiently induce the oxidation of the dye. rBequently, the catalytic ability of titanium
dioxide is dramatically dependent on its crystallform. Photo oxidation should occur with the
same efficiency for both anatase and rutile. Sampfemixed morphology (TiQP-25) were
found to be generally the most photoactive [27].

TiO, adsorbed almost only cationic dyes, Tifarticles have a negative charge and,
therefore, more readily adsorb cationic molecul&ke highest values of photocatalytic
degradation rate constant are observed for catayes. There was a linear correlation between
absorbance of illuminated solution of dyes and r&vealues of the dyes photodegradation rate
constant. Only cationic dyes could be adsorbed @ s$urface of the photocatalyst.
Simultaneously, their photocatalytic degradatiofagter than that of anionic dyes.

3.4.4 Effect of theinitial concentration of dye

Percentage degradation decreases with increasnogird of dye concentration as dye
concentration increases, more organic substaneeadsorbed on the surface of i@hereas
less number of photons are available to reach #t@yst surface and therefore less «OH are
formed, thus causing an inhibition in degradatiercpntage [28].

3.4.5 Effect of additives
As ions which are initially added to the dye smintas ionic compounds in order to

improve the industrial process. However on relesseastewater, the ions become an integral



part of the effluent. Many common ions presentya dastewater are Fe Zr?*, Ag', Na', CI",
PO SO, BrO;,COs?, HCO;™ and persulphate ions. Each of these added ionsesaal
certain decrease in percentage degradation ofy#nsalution [29].

F&* ions most likely undergo the following chemicahetion in solution with HOe
radicals already produced in solution:

HO + Fe®*

HO + Fe?*
Dye degradation decreases in the presence gf @&d HCQ ions, which scavenge the
HOe radicals according to the following reactiofsud causing a decrease in percentage

degradation.

HO + GO —= HO +COy

H,O + CO5™

HO + HCO3
A decrease in degradation value in the presendel ofs due to its hole and hydroxyl
radical scavenging effect, which occurs as foll¢8:

CI + hyg* Cl

cr+cl — cCr
OH+CF ~——= HocCr °

HOCI® 4 y+ Cl+Hy0

The presence of sulphate ions in solution alssesa decrease in percentage
degradation because these ions can react with &tfieals in solution and result in their
depletion as follows [31]:

3642-+0H —_— HC_)+SO4"
Addition of a strong oxidizing agent such as pgskate ions also decreases the degradation

percentage because of the reason that it can praallighate ions in solution:

82082' +ecp” 8042-"' SOfF

The sulphate ions can then react with HO- radiaalshown above. The sulphate radicals

can further react with water molecules to produceatsulphate ions as follows:

SOy + Hy,0 OH + SO} + H*
Since SQ@ is less reactive than H@adicals, therefore Sﬁ? concentration increases in

solution which leads to less dye degradation. Tihditian of bromate ion (Br@) can also
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decrease percentage degradation. This can be meglain the basis that this species is an

efficient electron scavenger and can react in thatisn as follows [30]:

BrO;z + 6ecg + 6H" Br + 3H,0
The bromide ions produced in the reaction cantre@b HO radicals in solution, thus

decreasing their concentration which result in tksgradation.

Br + OH Br + OH"

The addition of ethanol can inhibit the photo @elgttion of a dye solution. This is
because of the reason that ethanol can quenchxydaxicals which are the main source of
dye degradation chemistry [32]. The degradatiorob®ss less in the absence of oxygen and this
has been attributed to the recombination of photoegated hole-electron pairs. Oxygen
adsorbed on the surface of a semiconductor preudstsecombination process by trapping
electrons according to the reaction

02+g — O
3.4.6 Effect of temperature

An increase in temperature increases the recotnamnaf charge carriers and also the
desorption process of adsorbed reactant specieebiy resulting a decrease of photocatalytic
activity [33].

3.4.7 Degradation of an azo dye

Azo bonds are the most active bonds in azo-dyecntgs [27] and can be oxidized by
positive hole or hydroxyl radical or reduced bycélen in the conduction band. The cleavage of
N=N bonds leads to the decoloration of dyes. Iatéwa with solar light results initially in
cleavage of the dye molecule in the vicinity of theo bond followed by the formation of
molecules containing naphthalene and benzene-tygs.rDiazo dyes are less degradable than
mono azo dyes. Major intermediates identified iesth studies were aromatic amine, phenolic
compounds and several organic acids. The resusts iadicated that in the photo catalytic
degradation of azo dye, adsorption of dye to ,Ti® one of the important factors which
determine the degradation rate. Photocatalyticatkgion of azo dye was proposed to proceed
predominantly through oxidation by positive hole ¢®H) and reduction by conduction band
electron. Acridine, aryl methane, anthraquinonéionixanthenes and quinine-amine dyes has

been degraded with photocatalyst.
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3.5 Other Applications:

Since 1972, when Fujishima and Honda discoveredptiotocatalytic splitting of water
using TiQ electrodes; research on the heterogeneous phalysiatstarted growing rapidly [34].

The environmental applications of heterogeneouwgqaatalysis include removing heavy
metals such as (Hg), chromium (Cr), lead (Pb), Gadm(Cd), lead (Pb), Arsenic (As), nickel
(Ni) cupper (Cu). The photoreducing ability of pbcdtalysis has been used to recover expensive
metals from industrial effluent, such as gold, iplatn and silver [35].

3.5.1 Destruction of organics:

Photocatalysis has been used for the destrucfionganic compounds such as alcohols,
carboxylic acids, phenolic derivatives, or chloteth aromatics, into harmless products e.g,
carbon dioxide, water, and simple mineral acidg.[88ater contaminated by oil can be treated
efficiently by photocatalytic reaction [37]. Herldes and pesticides that may contaminate water
such as 2,4,5 trichlorophenoxyacetic acid, 2,4¢hlwrophenol, triazine herbicides and DDT can
be also mineralized [38].

3.5.2 Removal of inorganic compounds:

In addition to organic compounds, wide rangesnofganic compounds are sensitive to
photochemical transformation on the catalyst sedadnorganic species such as bromate, or
chlorate [39], azide, halide ions, nitric oxide/lpdium and rhodium species, and sulfur species
can be decomposed [40]. Metal salts such as AgRIQCI| and organometalic compound (e.g
CHzHgCI) can be removed from water, as well as cyartigiecyanate, ammonia, nitrates and
nitrites [41].

3.5.3 Water disinfections

Photocatalysis can also be used to destroy bachew virusesStreptococcus mutans,
Streptococcus natuss, Sreptococcus cricetus, Escherichia coli, scaccharomyces cerevisisas,
Lactobacillus acidophilus, poliovirus 1 were destructed effectively using hegeneous
photocatalysis [42]. The increasing incidence @abblooms in fresh water supplies and the
consequent possibility of cyanobacterial microgystbntamination of potable watkticrocystin

toxinsis also degraded on immobilized titanium dioxideabtyest [43].
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3.5.4 Degradation of natural organic matter

Humic substances (HS) act as a source of methylpgrand thus react with hypochlorite
ion which is used as a biocide in water treatméamtp, to produce disinfectant by-products e.g.,
trihalomethanes, haloacetic acids, other chlortha@mpounds and nitriles, some of which are
suspected to be carcinogenic [44]. Advanced oxdadatias been applied to decreasing the
organic content in water including humic acid [48] It has the advantage of not leaving any
toxic byproducts or sludge. Degradation of the lwagid or other fraction of humic substances
has not been studied in detail. The first workhis field was carried out by Bekbolet in 1996,
who studied the effectiveness of photocatalytiatireent on the degradation of humic acid [47].
3.5.5 Pesticides

The mineralization of the pesticides should resulthe conversion of these hazardous
compounds to innocuous products of N, S and P alaity CO, and HO. During
mineralization, phosphorous is converted to ortlogphoric acid (FPQ;), nitrogen to N@ and
NH," ions, and sulphur to SO ions [48].
3.5.6 Phar maceutical compounds

Recently, photocatalytic degradation of pharmdcaltompounds and drugs are widely
studied, the time taken for the complete miner&brais longer compared to the removal of the
parent compound, indicating that the degradatiderinediates are quite stable. Moreover,
toxicity tests prove that the intermediates forndhating the degradation are more toxic
compared to the parent pharmaceutical compound.
3.5.7 Polymers and plastics

Photo degradation is an important mode of polyaegradation wherein the incident
light radiation itself induces the scission of thiacromolecule by the initiation of polymer
radicals, or results in the generation of hydrod@H) radicals in presence of oxidizing agents
and/or catalysts, which then attack the polymerkbace to initiate the radicals [49]. Photo
degradation of the polymers can be carried oueeiti the solid or liquid phase. In the solid
state, the polymeric materials are exposed to WNaten or sunlight in the form of thin films or
sheets, while in the liquid phase; the polymers dissolved in aqueous or organic solvents.

Although the degradation of polymers in the soltdtes is more realistic from a practical
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viewpoint, liquid phase degradation is faster, gyvio the homogeneous medium which offers
enhanced mass transfer of the reactants and psoduct

The first step in the Photocatalytic degradatibthe polymers [P] is the formation of the
hydroxyl radicals ‘OH) from the TiQ surface. In the presence of organic solvents ahé
absence of moisture, surface hydroxyl groups ptes€ernO, serve as the key source of hydroxyl
radicals. The UV photon and/or th@H radicals generated attacks the polymer, resgpitirthe
generation of polymet-radical. These-radicals are the precursors of chain breakage.néike
step is the reaction of [Pwith atmospheric oxygen to form polymer peroxyicals [POJQ.
These combine bi molecularly with one another arthf[POO-OOP] species. Thus, with the
exclusion of oxygen, polymer oxy radicals are fodneQ].
3.6 Applications of Photocatalysisin synthesis
3.6.1 Photooxidation and oxygenation reactions

Upon photocatalysis, benzylic and allylic alcohgige carbonyl derivatives by using O
rather than inorganic oxidants based on noxiousalsietimproving both economic and
environmental aspects. TiQanatase) was found suitable for the oxidatiofi-phenylethanol in

dry acetonitrile under a slow stream of oxygen [50]

HaPW;2040/Si05

0]
R. OH hv, MeCN, O, H@Me

R %’ M}_Q
Alkylaryl and diaryl sulfides were cleanly oxiditeusing the photocatalyst 2,4,6-

triphenylthiapyrylium salt (TPTP) encapsulated wita HY zeolite through a ship-in-the-bottle

synthesis. The oxidation of thioanisole to sulfexid 85% yield upon irradiation by blue light

The Photocatalytic method employs safe, easy-taHeameagents and avoids the use of
elemental fluorine or of highly reactive derivasvasually required [51]. Oxidation to the radical
cation and deprotonation give the benzyl radicat,thfter further oxidation to the cation, adds
fluoride.
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3.6.2 Photor eduction

When a suspension of titanium dioxide (anataseg&.pin ethanol containing 5-nitro-8-
methoxypsoralen is irradiated under nitrogen, Srar8-methoxypsoralen is formed in 85%
yield [52].

N02 NH2
7 AN hv, TiO, BN
Me Me

Photocatalysis gives preparatively useful resulthe alkylation of electrophilic alkenes
by activating R—-H and RCO-H bonds under mild coodg, thus skipping the preliminary
conversion into the more reactive derivatives R-ad CO-X and the use of a chain transfer
agent that are required in the corresponding thigpnaagesses. Thus, polyoxotungstate salts (e.g.
tetrabutylammonium decatungstate, have been usgha@scatalysts in the radical conjugate
addition of electron-poor olefins by cycloalkan&8,[54]. TBADT was active for at least 50
cycles and was easily separated. Thus, 4-cycloh2giytanone was prepared in 56% yield
from 3-buten-2-one and cycloheptane. Hydrogen abtsbn from aldehydes likewise smoothly
occurred and the acylation aff-unsaturated nitriles, ketones and esters was agaicessful.
Noteworthy, equimolar amounts of aldehyde and olefiere used, in contrast to thermal
methods where a large excess of aldehyde is refjuiiereover, the reaction could be carried
out at a low temperature, thus preventing the deeadation of the intermediate acyl radicals
that competes or predominates in thermal reactibhis. made acylation successful also with
substituted aldehydes [54].

o o)
TBADT Q vj\ &
h‘N\‘lleCN
ay
H

TBADT M COOMe
\_ CeH13 §£

/—\ ° COOMe
MeOOC COOMe  CgHys

The titania-assisted photodegradation of arom&itise mineralization of phenol with
benzoquinone, hydroxylated aromatic compounds dipthadic compounds as intermediates.
[54] Hydroquinone and catechol accumulate, consistéth initial ortho-para attack by OH

radicals. Indeed, the photodegradation rateofsubstituted phenols correlates with the stability
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of adducts with the OH radical. A homogeneous iaaig catalyst UgF* absorbs visible light to
produce a long-lived, strongly oxidizing excitedtst *UG?**, which is capable to catalyse the
aerobic oxidation of cyclopentane to cyclopentan&aé

U0 — U0
: +
U0 + CeHyg —=  UOZ" + CeHo + H
CeHg+0; —>  CsHgO,
CsHgOp ——=  CsHgOp+ 1/2 Hy0,

2002+ 02+ 2H ——» 2002 +H;0,

Polyoxometalates (POMSs) also induce reversiblexadactions upon irradiation, acting
as multielectron and oxygen relays [56]. The remctroute commonly proposed for the
conversion of organic substrates (mainly alcoh@dji-abstraction, as shown in the case of 2-
propanol oxidation.

*

POM+hy —  POM
POM +Me,CHOH ——=  POM(e) + Me;COH + H*
POM(e’) + Me,COH + HY ——>  POM(e’) + Me,CO + H*

Phthalocyanine and porphyrin complexes have badalystudied as photocatalysts for
hydrocarbon aerobic oxidation such as in the ca$e iron(lll) mesotetrakis (2,6-
dichlorophenyl)porphyrin, working in aqueous salug of appropriate surfactants to form
micelles, where the oxygenation of alkenes to egesxsmoothly takes place [57].

Water (containing 1% CHCN) and organic solvents give different select@stiin the
attractive oxidation of naphthalene and its deivest [58]. In the former case 2-
formylcinnamaldehydes together with 1,4-naphthogonenwere formed, with a maximum yield
of 11% when conversion was ca. 50%. Conversely wisérg organic solvents the main product

was phthalic anhydride and considerable quantitids4- naphthoquinone were also formed.

o}
CHO CHO
o @CHO %
“ TiO,, hv
>e o
0 o}

Solvent

Novel unsaturated N-phenglamino esters can be obtained by irradiation at r@h0of
silica-supported CdS methanolic suspensions. Theoliad reagents are methyl (22)-
phenyl(phenylimino)acetate and various cyclic ol¢&9].
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N CdS/Sio, HN . HN

! + .
©/kCOOMe RH hv, MeOH Ej/tiCQOMe @COOMe
~

3.6.3 Heterocyclic compound synthesis
Amino acids in deaerated aqueous suspensionsofeljO, and CdS are successfully
cyclized via a combination of oxidation and redotwith full retention of (S)-configuration in

the product (pipecolinic acid) when the reactiors\weomoted by Ti@
COOH

TiO4 C
COOH _, NH
HzNwNHz o COOH

a5 (_NH

Irradiating solutions of phenanthrene and acetitmiat 340 nm in the presence of BiO

yields a coumarin compound at room conditions; \Bi#h water and oxygen as oxiddetl] this
type of compound retains appeal since they aregnm@éiates for many chemicals, including

pharmaceuticals and fluorescent dyestuffs.

) Rozr ﬁ
7Ly ae

0}
CHO 3
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