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Abstract 

The generation of hazardous wastes (chemical by-products) is endemic to most chemical 
manufacturing processes and to the large-scale users of many chemical-based materials. 
Approximately 300 million metric tons of hazardous waste under U.S. Federal and State 
regulation were generated annually according to the most recent estimates in 1984, and this 
is a world wide problem. It is particularly acute in the United States. The petrochemical and 
refinery industries produce about 70 percent of this waste on a national basis. Geographi- 
cally, the greatest production of hazardous wastes occur along the Gulf Coast. Presently, 
land disposal is used for as much as 80 percent of the nationally regulated hazardous wastes, 
some of which may remain hazardous for years or even centuries. Inappropriate disposal of 
these wastes on land creates the risk of contaminating, particularly the ground water, 
causing adverse health effects. An effort will be made in this review to give an overall 
coverage on the topic of photomicroelectrochemical detoxification of hazardous materials. 

1. Introduction 

The environment and everything connected with it has been a major concern 
of the public because most of our ecological systems such as air, water and soil 
are being continuously polluted by domestic and industrial pollutants. These 
pollutants have their origins from a number of sources such as domestic and 
agricultural, pesticides and herbicides, industrial wastes, chemical fertilizer 
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washes from lawns, gardens and agricultural fields, human and animal wastes, 
oils and grease from motor vehicles, air pollutants including effluent gases like 
SO2 and other nitrogenous gases that lead to acid rains, salts and other 
chemicals used in deicing streets and highways, etc. Most of these pollutants 
are highly toxic to humans, animals and vegetation. 

Toxic is a relative term which implies threats, dangers, hazards and the 
like to living objects while, a toxic substance poses a potential danger to 
human and animal life upon exposure to it thereby affecting the health and 
ecology. In this review, the terms destruction and detoxification have been 
used interchangeably for degradation of toxic substances into harmless prod- 
ucts. The clean up of chemical wastes produced in industrial arenas has been 
a complex problem and this cannot be resolved by simple disposal, incineration 
or by any special treatment, but by a combination of complementary technolo- 
gies. Before the disposal of the toxic wastes it is imperative to convert it to be 
non-toxic by proper chemical reactions. A number of methods are now avail- 
able for the destruction of hazardous wastes before their safe disposals [l]. 
These include: (i) the process of molten salt combustion wherein, the poly- 
chlorinated biphenyls, chloroform, chloroethylene, trichloroethane, pesticides 
and herbicides are destroyed; (ii) the fluidized bed incineration wherein, chlor- 
inated hydrocarbon wastes with 90% chlorine are destroyed; (iii) UV/ozona- 
tion technology is a more effective process for destroying polychlorinated 
biphenyls, nitrobenzene, dioxins and hydrazine than the use of ozonation 
alone. 

Several thermal and non-thermal processes have been used to treat the 
organic wastes and these have their own limitations [2]. Oxidation is by far the 
most important destructive method [3]. Incineration is the ultimate in practical 
oxidative destruction. If incomplete or improper combustion takes place in an 
incinerator, it may cause more hazard. For instance, improper incineration of 
carbon tetrachloride and freons can yield phosgene, a highly toxic substance. 
In pursuit of better methods for the detoxification of hazardous materials, 
microheterogeneous photocatalysis has recently emerged as one of the poten- 
tial techniques_ The advantages of this method are: (i) complete degradation of 
the organic pollutant requiring relatively short periods lasting only a few 
hours, (ii) the formation of photocatalyzed products is avoided, instead com- 
plete mineralization into e.g. CO2 and HCl can be achieved, and (iii) the 
process requires inexpensive reusable catalysts with high turnover which can 
be supported in proper reactors. 

Over the past few years, the field of photo-induced electron-transfer reac- 
tions in heterogeneous systems has witnessed a number of new discoveries. The 
development of artificial photosynthetic systems to harvest sunlight and con- 
vert it into electricity or chemical fuels is rapidly advancing [4-6]. Parti- 
cularly, the use of semiconductor particles as photocatalysts to degrade the 
organic hazardous pollutants in aqueous environment has been actively 
studied. In the present review, we shall restrict our discussion to the study of 
photomicroelectrochemical degradation of toxic waste materials. Every effort 
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will be made to include the relevant contributions of the period covering 1979 
to present date. Wherever necessary, some of the earlier references are also 
cited. For more details, the readers are advised to consult the original papers 
and books. 

2. Photomicroelectrocatalytic systems 

Degradation of chemical wastes has been achieved chiefly, if not completely, 
by a number of technologies available today. Of these, the most prominent 
techniques are those from photochemistry and electrochemistry of toxic waste 
materials. In this section, a brief discussion on the chemistry and physics 
of the process of photodegradation of toxic chemicals will be attempted only 
qualitatively. The most common terminologies used in this area are defined. 
A photomicrocatalytic system is a medium consisting of colloidal size aggre- 
gates of a large number of molecules having particle sizes smaller than the 
wavelength of visible light. Thus, a majority of the microheterogeneous sys- 
tems form optically transparent (non-turbid) solutions which can be studied 
by photochemical and pulsed photolysis methods [7]. The term “microhetero- 
geneous” suggests that they are heterogeneous at the microscopic level in the 
presence of charged interfaces in hydrophobic or hydrophilic domains [S-18]. 

The particulate semiconductor photocatalysts have several interesting fea- 
tures: (i) each photocatalyst functions as a microphotoelectrode or a photo- 
chemical diode for a metal-loaded semiconductor particle, (ii) they possess 
a large surface area of about 104-lo6 cm’ g - ’ which is advantageous for surface 
reactions, (iii) they possess novel photophysical properties which depend on 
the quantum size effect, and {iv) their low cost and ease of fabrication makes 
them attractive in several practical applications. The energy band gap of TiOz 
is so large (>3 eV) that it becomes a good photoelectrocatalyst despite of its 
poor catalytic activity towards electron transfer reactions. Large band gap 
semiconductors prove to be ,better photocatalysts than the low band gap 
materials. Naked CdS is a poor photoelectrocatalyst; however, better catalytic 
properties may be imparted to it by attaching transition metal catalysts like Pt 
or Ru on its surface [19]. 

The principle objective of photoelectrocatalysis is to provide low-energy 
activation pathways for the passage of electric charge carriers through the 
electrode-electrolyte interface and in particular, for the photoelectrochemical 
generation of chemical products. As for an ordinary catalyst, a photo- 
electrocatalyst may not be consumed during its catalytic activity. The 
semiconductor photocatalysis functions as a pool of electrons or holes which is 
advantageous in multi-electron transfer reactions. The principle and appfica- 
tion of semiconductor electrodes in photoelectrochemical cells as well as the 
principles of photodriven processes and application of semiconductors for 
carrying out heterogeneous photocatalysis, photoelectrosynthesis, etc., have 
been described by Bard [20, 211. 
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Absorption of light having energy greater than that of the band gap, by 
semiconductor dispersions leads to the generation of electron-hole pairs [22, 
231 which, under the influence of the electric field, move (within the band gap) 
into the conduction and valence band, respectively. It is the resulting 
nonequilibrium distribution of conduction band electrons and valence band 
holes that leads to either reduction or oxidation processes. For instance, in 
heterogeneous photocatalysis, light excitation of TiOz (anatase, rutile or 
amorphous) aqueous dispersions with energies greater than band gap (> 3 eV) 
leads to the charge separation of electrons and holes in a manner analogous to 
single crystal semiconductor electrodes. The dynamics of inter-facial electron- 
transfer reactions have been studied with colloidal size semiconducting TiOZ 
and CdS aqueous dispersions, by excitation using nanosecond laser flash [24]. 
Biosynthesis of nanometer scale CdS semiconductor quantum crystallites (size 
approx. 20 A) have been reported by Dameron et al. [25]. 

3. A critical appraisal of literature data 

Our goal here is to give a qualitative coverage of the literature data on 
photomicroelectrochemical degradation of toxic waste materials by using col- 
loidal size particles such as TiO*. Innumerable review articles have been 
published in the past on heterogeneous photocatalysis covering several as- 
pects [26-40] such as organic syntheses, preparation of photocatalysts, photo- 
synthesis, water-splitting and hydrogen generation, photocatalytic systems 
etc. Pelizzetti et al. [41, 421 reviewed the photocatalytic processes in semicon- 
ductor suspensions such as water-cleavage, H&cleavage, photocatalyzed de- 
carboxylation of the organic carboxylic acids and photocatalyzed degradation 
of wastes. Fundamental aspects of the primary events in photocatalysis em- 
ploying CdS and Ti02 semiconductors have been described by Serpone and 
Pelizzetti [43]. 

The redox and photolytic mechanisms and the, basic concepts of photocataly- 
sis such as thermodynamic conditions for photoactivity have been reviewed by 
Schiavello [44]. Fox [45] described the photoreactions on heteropolyoxoanions 
on clays in native and modified forms, and on zeolites of varying sizes, selectiv- 
ity and catalyst loading. Several oxidative and/or reductive cleavages of 
organic substrates which occur with different reaction pathways were also 
investigated. A photocatalytic process is the same as the catalytic process, 
wherein, the surface reaction follows the redox-type mechanism occurring 
through the separated holes and electrons, photogenerated by exciting 
a semiconductor with light. The criteria for a solid to become a semiconductor 
have been discussed by Finklea [46]. 

Several patents have appeared on the subject of this topic. Only the repre- 
sentative patents will be discussed here. Reduced TiOz serving as an effective 
photocatalyst and photoelectrode was prepared by Toshiba Corporation [47]. 
A highly specific catalyst composition comprising a zeolite and a photoactive 
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material was also prepared [48] which is capable of catalyzing reactions within 
the zeolite structures. A recent patent by Lichtin et al. [49] utilizes a solid 
transition metal oxide catalyst, namely TiOz and H202, which is capable of 
degrading organic pollutants in a polluted water to environmentally accept- 
able products such as C02, when irradiated with UV or visible light. 

A membrane-separated photoelectrochemical cell which can be used to carry 
out a redox reaction has been patented by Onoda et al. [50]. The cell has 
a membrane having a semiconductor which divides the electrolyte. When the 
interface of the semiconductor and the electrolyte was irradiated with light, 
oxidation occurs in one side of the electrolyte and a reduction in the other. 
This cell finds applications in wastewater treatment, disinfection, hydrogen 
preparation, etc. Harada et al. [51] have prepared TiOz from aqueous TiCL by 
three different methods: (i) neutralization with a 14% (w/v NH40H solution, 
(ii) hydrolysis in water at >80 “C and (iii) hydrolysis in 0.5 ZVHCI. Their 
photocatalytic activities were related to the degree of crystallinity. TiOz-SiOz 
beads prepared by vapor-phase hydrolysis of titanium alkoxide adsorbed on 
SiOZ beads were active in promoting perfect oxidation of acetone [52]. A differ- 
ent performance in photoinduced catalysis was observed among the platinum 
metal catalysts supported on these beads and on TiOz beads. We shall now 
further divide the discussion of literature data into nine separate classes-as 
follows: (1) Aquatic pollutants, (2) halogenated aromatics and acetic acids, 
(3) PCBs, (4) phenols and chlorophenols,. (5) surfactants, (6) cyanides, 
(7) toxic metals, (8) sulfur compounds, and (9) miscellaneous compounds. 

3.1 Aquatic pollutants 
Over the years, contamination of surface and well water by organic pol- 

lutants has increased considerably. These pollutants originated from several 
industries such as those including petroleum, chemical, textile processing, 
paper and pulp milling, etc. The contamination may be due to the direct 
industrial discharges, leakage from landfill, other land disposal sites and from 
underground storage tanks. In addition, use of fuels for transportation and 
heating, use of pesticides, herbicides and fertilizers in agriculture, use of 
aerosol sprays, detergents, etc., among others, lead to the release of pollutants 
which may directly pollute the aquatic media. Other possibilities of aquatic 
contamination include effluents from wastewater treatment plants, accidental 
spills, and uncontrolled or poorly chosen landfill hazardous waste sites [53]. As 
a consequence, more than 700 potentially hazardous compounds have been 
identified in drinking water [54]. The U.S. Environmental Protection Agency 
(EPA) has identified hundreds of compounds and elements from pollutants as 
‘priority pollutants’ [55]. The photocatalytic process has also been applied to 
wastewater treatment containing contaminants even in the ppb range [56]. 
Thus, it is legitimate to apply the photocatalytic methods to solve the environ- 
mental problems caused by the discharge of toxic chemicals into aquatic and 
atmospheric ecosystems. 
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Two classes of hazardous materials which are known to pollute water are: 
organic and inorganic pollutants. Organic pollutants include pesticides, 
herbicides, halogenated aliphatics, monocyclic aromatics, phenols and 
polychlorophenols, cresols, polycyclic aromatics, nitrosoamines, nitrogen- 
containing compounds, ethers, phthalate esters and polychlorobiphenyls 
(PC%). Metals, asbestos, hydrogen sulfide and cyanides are some of the exam- 
ples of the inorganic pollutants. In a study by Sundstrom et al, [57], the 
destruction of the pollutants containing mixtures of benzene and trich- 
loroethylene solvents was achieved by UV-catalysed oxidation with hydrogen 
peroxide. 

A number of reviews exist on the topic of pollutants in aquatic environment. 
Zepp [58, 591 reviewed the photochemistry of organic pollutants in aquatic 
environment and discussed factors affecting the photochemical treatment of 
hazardous wastes. Fowler critically reviewed the existing concentration of 
heavy metals and chlorinated hydrocarbons in the marine environment [60]. In 
a study by Hemmerich et al. [61], photooxidation of organic pollutants in 
industrial wastewater was investigated wherein, an aqueous solution of ani- 
line hydrochloride mixed with TiOz when irradiated for 48 h, the Chemical 
Oxygen Demand (COD) dropped from 23.9 to lS.Sg/L. Selective removal of 
heavy metals from wastewater using affinity dialysis method was studied by Hu 
et al. [62]. 

Ollis [63] reviewed the heterogeneous photocatalysis for the decomposition 
of halogenated organic compounds in water purification. Oliver and Carey [64] 
summarized the results on the photodegradation of organic pollutants in 
aquatic environment and wastewater treatment by photolysis. Pelizzetti and 
Serpone [65] have reviewed the photodegradation of organic pollutants in 
aquatic systems catalyzed by semiconductor systems. Practical aspects of 
photocatalysis employing CdS and TiOz semiconductor dispersions with refer- 
ence to (i) photocleavage of H2S, (ii) the treatment of wastes, and (iii) the 
photoreduction and recovery of metals on TiOz have been discussed by Bor- 
garello et al. [66]. Pichat [67] presented the results of investigations of electron 
transfers between Pt and TiOz as well as between CdS and TiOz under various 
experimental conditions. Potential applications of heterogeneous photocataly- 
sis like the recovery of toxic metals from dilute solutions and removal of water 
pollutants were also discussed. 

3.2 Halugenated aromatics and halogenated acetic acids 
While treating water by chlorination for urban supplies of drinking water, 

some low molecular weight chlorinated oxidation products resulting from the 
destruction of humic acids are known to be generated. Among the most 
common reaction products, the potentially hazardous compounds are chloro- 
form and mono- or d&substituted acetic acids [68]. In recent years, extensive 
studies on the degradation of organic pollutants by heterogeneous photo- 
catalysis have been made [69-711 by using TiOz as a powder catalyst. However, 
the complete mineralization into COz and HCl is of great importance in water 
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purification because some partially oxidized compounds like chlorophenols are 
more toxic than their parent compounds. 

The compounds such as CH2C12, CHCIJ, CH2C1CH2CI,CH2C1COOH and 
CHCl,COOH have been completely degraded to give HCl and CO2 upon 
exposure to illuminated TiOz [72-751. The presence of light, photocatalyst, 
oxygen and water showed a favorable effect on their degradations. The degra- 
dation of chloroform is known to follow the photocatalytic process [76] as 
shown below: 

Ti02 

H,O+CHCl,+$O,- CO+3 HCl 
hv 

The photocatalytic decomposition of an aqueous solution of chloroform in the 
presence of TiOz under simulated solar irradiation was studied by Kawaguchi 
[77], wherein it was shown that its complete decomposition was affected by the 
pH and the amount of dissolved oxygen. However, halocarbons seem to de- 
grade very slowly or not at all. For e.g., CCl,COOH is essentially unreactive 
whereas, Ccl4 can be degraded only very slowly [75]. Masayuki et al. [78] used 
the rutile TiOt containing O-10% of platinum photocatalysts for the degrada- 
tion of chloroform. The photodegradation of dichloromethane into CO2 and 
HCl has also been studied [79] by TiOz and Ti incorporated into alumino- 
silicate photocatalysts. 

Wang and Tan [BO] reported the reduction of trichloroethylene (TCE-and 
Ccl4 in a platinum-catalyzed water photolysis system [Pt colloid/ 
Ru(bipy)$+/MV2+/EDTA] with the natural sunlight irradiation. It is found 
that electron transfer reactions resulted in the cleavage of water to 
H2 and OH-. When chlorinated hydrocarbons, TCE and Ccl4 are added to the 
system, they were dechlorinated and subsequently reduced to low molecular 
weight hydrocarbons like methane and/or ethane during solar illumination. 

Degradation of trace amounts of organohalogen solvents in water have been 
photocatalyzed by using the Ti02 catalyst to reduce their toxicity levels to 
below those of the discharge standards [Bl]. Twelve organochlorine solvents 
such as di-, tri-, and tetrachloro derivatives of methane, ethane and ethylene 
were photocatalytically degraded on Ti02, Pt-loaded Ti02 and Ti02 with added 
H202. For derivatives of these compounds, the degradation rates were in the 
order of Cl2 >Cl, >Cl, and for those containing the same number of Cl sub- 
stituents the order was ethylene>ethane. During the degradation of each 
organochlorine solvent, Cl- was liberated simultaneously. On the Pt-loaded 
Ti02, Cl- was transformed photocatalytically into [BZ] ClO,. The photo- 
catalytic degradation of chloroform was investigated [83] in aqueous suspen- 
sions of TiOa over the wavelength region of 310-380 run. A reaction mechanism 
was proposed in which the rate determining step is the reaction of surface- 
bound OH with adsorbed chloroform. The quantum efficiency (#J =0.56 
at h= 330 nm) of the degraded chloroform was inversely proportional to the 
square root of the incident light intensity. 
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Tanaka et al. [84] have shown that addition of HzOz considerably enhanced 
the photodegradation rate of CHCICClz and CClzCClz in a suspension of TiO,. 
The augmentation of the rate was attributed to the increase in the number of 
OH radicals formed on illuminated TiOz. In fact, trichloroethylene (CHClCClz) 
and perchloroethylene (CC12CClz) were the most pervasive aliphatic halocar- 
bons present in the environment due to their widespread applications in 
industrial solvents. The bromomethanes like CH2Br2 and CHBr3 have been 
completely mineralized by photocatalysis with TiOz. Their relative reactivities 
over Ti02 followed the sequence: CHBr, > CHCIJ > CHzBrz > CHzClz > CCL+ 
Both l,Z-dibromoethane and its 1: 1 isomer were completely degraded, as 
demonstrated by 100% recovery of initial bromine as bromide ion. Various 
TiOz catalysts for the oxidative dechlorination of CH2C12 to COz and HCl 
were examined by Tanguay et al. [85]. TiOa (rutile) was found to be more 
active than its other forms, while pre-irradiation of the catalyst and the 
presence of oxygen supply enhanced the conversion; but, the chloride ion could 
inhibit it. 

The aquatic environment is contaminated with a wide range of haloaromatic 
compounds and related derivatives. Such compounds have been used as pre- 
servatives for wood, leather, textiles, etc., and also they are used as herbicides, 
pesticides, insecticides, disinfectants and antimicrobials. These, in the course 
of time, reach surface water or associate sediments and contaminate the water. 
Such contamination by organochlorine compounds present a serious environ- 
mental problem due to their toxicities [86]. Chlorinated benzenes, biphenyls, 
phenols, pesticides (such as DDT) in addition to another extremely toxic 
compound, viz. 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and its related 
derivatives including the chlorodibenzofurans, are among the most toxic 
compounds which contaminate our aquatic environment. 

Removal of herbicides from irrigation wastewater by the natural volatili- 
zation, hydrolysis, photolysis and microbial degradation was known to proceed 
so slowly that adequate dissipation does not occur before wildlife and human 
drinking water supplies are threatened. In this pursuit, the photoassisted 
degradation of the herbicide 2,4,5-trichlorophenoxy acetic acid on TiOz has 
been studied [87]. Another popular class of herbicides, namely, atrazine 
(2-chloro-4-ethylamino-6-isopropylamino-s-triazine), which is commonly used 
for grassy weed control in crops like corn, sorghum, sugarcane, pineapple, etc., 
can be detoxified by a photocatalytic method. Atrazine disappeared rapidly in 
an aqueous suspension of TiO;! and in the presence of artificial or actual 
sunlight [56]. It is also reported that [88] the rice herbicides molinite (s-ethyl 
hexahydro-1H-azepine-l-carbothioate] and thiobencarb [s-(4-chlorophenyl) 
methyl-N,N-diethyl carbomothioate] were degraded rapidly in sunlight-irra- 
diated suspensions of TiOz and ZnO. Here, ZnO served both as a semiconductor 
photooxidant and as the Zn(II) fertilizer which is generally used as plant 
nutrition. 

The photocatalytic oxidation of aliphatic hydrocarbons in aqueous sus- 
pensions of TiO, was reported to give HZ and CO2 as final products [89]. 
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Photooxidation of aromatic hydrocarbons such as benzene has been investi- 
gated [90, 911 in the presence of platinized TiOz. Haloaromatics, like 3,3’- 
dichlorobiphenyl, DDT and 2,7-dichlorodibenzo-p-dioxin present in the 0.2 to 
1.0 ppm ranges were shown to be degraded efficiently after prolonged exposure 
to light in the presence of TiOz [92]. Hustert et al. [93] reported the degradation 
of chloronitrobenzenes by irradiation in the presence of TiOz to give C02, 
HCl, water and nitric acid as the final products. 

The degradation of some of the above mentioned undesired contaminants is 
possible through chemical, photochemical and microbiological processes. 
However, both chemical and thermal degradations are impracticable in water 
treatment. On the other hand, microbial degradation and naturally occurring 
hydrolysis require long periods. For instance, 4-chlorophenol in estuarine 
water at 21 “C showed a half life of 20 days. Though direct photodegradation 
may cause dechlorination, it requires high energy photons. Degradation of 
the contaminants may be incomplete while, it can also lead to the formation 
of dangerous products; partial dechlorination or ring closure can generate 
products which are more toxic than the starting materials. To overcome 
these problems, heterogeneous photocatalyfic method has been suggested as 
an alternative practical approach for the detoxification of this class of 
compounds. 

Complete mineralization of chlorobenzenes (monochlorobenzene and 1,2,4- 
trichlorobenzcne) has been observed through exposure to light (A > 300 nm) in 
an aerated aqueous 0.1% (w/v) suspension of TiO, [75, 941. The primary 
photoproducts were ortho- and para-chlorophenols which were subsequently 
dechlorinated to give the corresponding hydroquinone and/or catechols which 
in turn were readily converted to benzoquinone 1751. TiOp particles do not seem 
to be good materials for decontamination of monochloro- and dichlorobenzenes 
containing water. This is because dechlorination is relatively slow and mul- 
tiple photoproducts including PCBs are formed. 

3.3 Polychlorinated bipphenyls (PCBs) 
Polychlorinated biphenyls (PCBs) are derivatives of the compound biphenyl 

wherein the available hydrogen atoms of the aromatic moieties have been 
replaced with chlorine atoms. The United States EPA has classified PCBs as 
extremely toxic and carcinogenic and has imposed several controls on their 
uses. They are known to cause tumors in laboratory animals, carcinogenic 
effects to human beings, and extremely toxic effects to several species of 
aquatic invertebrates and fish. Some of the toxic effects of PCBs include 
chloracne, discoloration of gums and nail beds, swelling of the joints, waxy 
secretion of the glands in the eyelids etc. There are about more than 200 
possible PCB isomers, ranging from three monochloro isomers to one deca- 
chloro isomer. The commercial mixtures are very complex, each containing 
many isomers with traces of impurities, some of which are potentially toxic. 
However, most of the commercial PCB mixtures use mono- and hexa- 
chlorobiphenyls. 
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PCBs are used widely in electric transformers, circuit breakers, voltage 
regulators and capacitors because of their resistance to flammability, excellent 
cooling effects and extremely low electrical conductivities. They have applica- 
tions as hydraulic fluids, heat transfer liquids, dye carriers in carbonless copy 
paper, additives in printing inks, in paints and adhesives. In spite of their 
restricted new uses, large quantities of PCBs still exist in electrical transfor- 
mers, capacitors and numerous dumpsites. PCBs are less soluble in water but 
highly soluble in fats. The main problem with PCBs is that they are among 
the most stable chemical compounds and are stable to oxidation, hydrolysis 
and other chemical reactions occurring in the environment. Because they 
decompose very slowly over a very long period of time, they remain in the 
environment for decades after being released into the atmosphere. The efficient 
decontamination of materials is a major environmental problem. They 
require extremely severe reaction conditions or extremely reactive reagents 
for detoxification [95]. 

Apart from emerging technologies (molten salt combustion, incineration 
and UV/ozonation technology), non-thermal methods like catalytic de- 
hydrochlorination, microwave plasma destruction, catalyzed wet air oxida- 
tion, high energy electron treatment, etc., have also been used for detoxifi- 
cation of PCBs and other trace organic compounds in aqueous solution. 
Nishiwaki 1961 reviewed the photodecomposition and dechlorination of 
PCBs. Several other researchers [97-1073 investigated the non-thermal 
methods including photolysis, radiolysis, catalytic dechlorination, etc., 
to destroy PCBs. By direct photolysis under sunlight in the presence 
of cyclohexane, hexane and iso-octane solvents, PCBs were significantly 
photodegraded to less chlorinated biphenyls [lO&llO]. Since typical 
pollutant concentrations were low, very little light is absorbed by the 
pollutant thus making it difficult to measure directly the environmental 
concentrations. 

A review by Cesareo et al. [ill] discusses the effectiveness of photochemical 
processes as detoxification mechanism in aqueous systems with reference to 
chlorinated aromatics. Phototransformation of PCBs in direct, sensitized and 
photocatalyzed degradations were compared and analyzed with the available 
literature data. Besides, the origin of PCBs in aquatic environment, their toxic 
effects have also been covered. Martinez [112] reviewed the destruction and 
detoxification of polychlorinated biphenyls and polychlorinated dibenzo-p- 
dioxins, including thermal and chemical techniques, photolytic, radiolytic and 
catalytic processes, etc. 

Shukla and Rusling [1.133 studied the photoelectrocatalytic reduction of 
4-chlorobiphenyl using anion radicals and visible light. It was found that 
excitation of electrochemically generated anion radicals of anthracene and 
9,10-diphenyl anthracene with visible light (h ~470 nm) showed more than 
ten-fold increase in the rates of reductive dechlorination of 4-chlorobiphenyl. 
In another report by Rusling et al. 11141, the reduction of 4-bromobiphenyl in 
cationic and non-ionic micelles has been studied. This study indicated new 
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possibilities to decompose halogenated pollutants in aqueous systems as well 
as to other difficult organic reductions. 

Menassa et al. [1X] studied the photodecomposition of different PCBs by 
surface modified TiOl in a medium containing hexane and water mixture. The 
dechlorination was monitored by GC/MS techniques. Sodium laurylbenzene 
sulfonate and PCBs have been photodecomposed by irradiation with a xenon 
lamp in aqueous solution containing platinized TiOz powders with oxygen 
bubbling [1X]. The decomposition was initiated by the photogeneration of OH 
radicals at Pt and TiOZ surfaces and the radicals reacted with organic com- 
pounds to give CO2 as a final product. Tunesi and Anderson [1173 have shown 
that the rate of destruction of 3,4-dichlorobiphenyl on a TiOz surface increases 
with temperature and light intensity. The suspension/semiconductor inter- 
face was then analyzed by cylindrical internal-Fourier transform infrared 
techniques (CIR-FTIR). 

In a study by Carey et al. [118], several PCBs such as 4,4’-dichlorobiphenyl, 
2,2’-dichlorobiphenyl, 2-chlorobiphenyl, 3-chlorobiphenyl and 4-chloro- 
biphenyl in 25 ppb aqueous suspensions of Ti02 were irradiated separately at 
365 nm for 30 min. The disappearance of chlorinated biphenyls and production 
of chloride ion showed that illuminated semiconductor catalysts could also 
provide a viable means of degradation of PCBs. Further, there was no trace of 
3- or 4chloro isomers after irradiation; however, 2-chlorobiphenyl did not 
degrade at all. Extraction of PCBs using microemulsions alone, is not good 
enough because extracted amounts were smaller than the amounts of surfac- 
tants needed. However, for the decontamination of PCBs in oil, the photo- 
catalyst can be added to the microemulsion containing PCB plus oil; the 
system brought to the higher temperature, dechlorinated by exposure to light 
and then cooled to room temperature. A method for the determination of total 
chlorinated hydrocarbons in water has been reported by Kojima et al. [119] 
which involves mineralization by TiO+atalyzed photodecomposition followed 
by the measurement of liberated chloride anion. 

3.4 Phenols and chlorophenoks 
Chlorinated phenols are the well known pollutants that have been introduc- 

ed into the environment as herbicides and fungicides, These compounds are 
generally resistant to chemical, photochemical and biodegradation, making 
the disposal of contaminated water difficult. Chlorophenols are toxic and their 
toxicity depends on the number of chlorine substituents on the aromatic ring. 
The higher chlorinated phenols, like trichlorophenol (TCP), tetrachlorophenol 
(TTCP) and pentachlorophenol (PCP) contain biologically active impurities 
such as polychlorinated dibenzo-p-dioxins (PCDD) and dibenzofurans (PCDF) 
[86,120]. The TCP also comes from the partial decomposition of herbicides such 
as 2,4,!5trichlorophenoxy acetic acid (2,4,5-T) giving 2,4,5-TCP, which is a pre- 
cursor of the 2,3,7,8-TCDD dioxin. Further, municipal sewage treatment plants 
and the municipal incinerators are a continued source of these contaminants. 
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The photocatalytic degradation of 2-chlorophenol and 3-chlorophenol in 
TiOz aqueous suspensions at A>340 nm was faster than direct photolysis at 
290 nm [X21]. Mechanistic aspects of the photocatalytic oxidation of phenol in 
aqueous solutions by using TiOz and UV light have been studied [l22]. The 
photocatalytic degradation of phenols and chlorophenols was investigated 
with different catalysts such as ZnO, TiOZ, Fe203 and CdS. Here, ZnO was the 
most active photocatalyst and phenols were completely oxidized to give di- 
hydroxybenzenes. The rate of photodegradation was found [123-1251 to depend 
on pH, phenol and TiOz content, oxygen concentration and the anions present 
in dispersion. Photolysis of phenol, 2,4,6-trichlorophenol, and PCP containing 
wastewater in the presence of CdS indicated that the greater the Cl substitu- 
tion on benzene moiety, the higher the degradation [126]. The rates of removal 
of halogen substitutiow were higher than those of nitro- and methyl groups 
and the abstraction of Cl is not affected by its position in the benzene ring. 

Degradation of 4-chlorophenol (4-CP) from a heterogeneous photoassisted 
process using TiO, suspension, gave CO2 and HCl under sufficient aeration 
condition [71]. This degradation proceeds via an oxygen-containing radical 
attack and further Cl* reduction to Cl- by conduction band electrons. Further 
oxidation to dihydroxybenzene derivatives and benzene ring breakdown lead 
to the final simple products. In a similar study, under the same experimental 
conditions, Barbeni et al. [127] have shown that PCP can be quantitatively 
mineralized at high rates. The photocatalytic degradation was studied in other 
semiconductor dispersidns such as ZnO, CdS, WOJ and SnOa, but TiOz proved 
to be the most efficient. However, experiments with sunlight showed a promis- 
ing route for water treatment processes. 

The photocatalytic effect of TiOz (anatase) on the decomposition of chloro- 
phenol was studied by Kawaguchi [128]. Photocatalytic decomposition of 
aqueous phenol solution with a high pressure mercury lamp in the presence of 
TiOz (anatase) as a photocatalyst at 40°C has also been studied [129]. It was 
shown that the rate of phenol decomposition increased with TiOa concentra- 
tion and decreased with initial concentration of phenol. Further, the addition 
of copper to TiO, increased the rate of decomposition of phenol. Hydroquinone 
and catechols were the main products as detected by HPLC. 

A similar study, conducted recently by Augugliaro et al. [ 1301 further corrob- 
orated the findings of Kawaguchi [128]. In this study, photocatalytic degrada- 
tion of phenol using aqueous oxygenated Ti02 (anatase) suspensions in a batch 
photoreactor and the influence of various parameters like pH, phenol and Ti02 
content, oxygen concentration, anions present in the dispersion, etc., on the 
degradation rate has been investigated. It was found that chlorophenols were 
dechlorinated completely during 3 hours of irradiation with a xenon lamp. 
With TiOz powder as a sensitizer, irradiation of 2,4,5-trichlorophenoxyacetic 
acid (2,4,5-T) and 2,4,5-trichlorophenol (TCP-OH) by simulated sunlight result- 
ed in the conversion of these materials to give HCl and CO* with half lives of 
30-90min. In contrast, Crosby and Wong [131] reported that in the absence of 
a sensitizer, irradiation of 2,4,5-T in a similar photoreactor as that of 
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Kawaguchi [128] resulted in only 8% conversion of the starting material 
into I-ICI and CO, after 200 hours. According to Pelizzetti and coworkers 
[94, 1323 complete mineralization of halophenols (3,4-dichlorophenol and 
2,4,5-trichlorophenol) by photocatalytic degradation methods in the presence 
of TiOz required prolonged exposure_ Davis and Huang 11331 have shown 
that phenols and chlorophenols can be oxidized by using the irradiated 
CdS photocatalyst particles. The oxidation rate was found to depend 
on pH, photointensity, oxygen and phenol concentration, and temper- 
ature. 

3.5 Surfactants 
Due to the increased usage of surfactants (both non-ionic and anionic) in 

everyday life, there is an increasing level of pollution by these surfactants in 
domestic and industrial wastewater. The metabolic behavior of the non-ionic 
surfactants of the alkylphenol polyethoxylate type is dependent on the condi- 
tions of wastewater or sludge treatment which often leads to the formation of 
more persistent and even more toxic metabolites. 

Hidaka et al. [70, 1341 investigated the TiO*-photocatalyzed conversion of 
the anionic surfactant sodium dodecylbenzenesulfonate (DBS) as well as 
degradation of the component parts such as sodium dodecyl-l-sulfate (SDS) and 
sodium benzenesulfonate (BS). It was found that DBS and BS were rapidly 
photodegraded in aqueous aerated TiOz suspensions in the absence of noble 
metal catalysts. The degradation was found to be a better method for the 
wastewater treatment as compared to biodegradation which requires longer 
times. Further, it was shown that surfactants (anionic, cationic and non-ionic) 
had been completely photocatalyzed; on the other hand, the degradation of 
long chain hydrocarbons occurred at very low rates. Hidaka et al. [135] have 
shown that anionic dodecylbenzene sulfonate, cationic benzyl dodecyl- 
dimethylammonium chloride and nonionic p-nonylphenol poly(oxyethylene) 
surfactants can be photodegraded in aqueous suspensions of TiOz powder by 
solar exposure. The aromatic moiety in the surfactants was decomposed more 
easily than the alkyl/or ethoxylate groups. This photodegradation system was 
suggested to be a practical means for the treatment of wastewater containing 
surfactants. 

Pelizzetti et al. f136] have investigated the photocatalytic degradation of 
p-alkylphenols and nonylphenol ethoxylate surfactants using Ti02 particles. 
A complete conversion to CO2 was demonstrated by the liquid chromatography 
from the measurements of CO2 evolution, dissolved organic carbon, and partic- 
ulate organic carbon. A stable 4-nonylphenol (an even more toxic compound) 
has been completely mineralized. Therefore, photocatalytic degradation pro- 
cess may be used to ensure final disposal of these undesirable products together 
with other treatment of wastes. Various kinds of anionic, cationic and 
nonionic surfactants were photodegraded in a heterogeneous dispersion of 
TiOz semiconductor particles under the UV-illumination to convert them into 
cot [137]. 
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3.6 Cyanides 
Cyanide is ubiquitous in nature. The use of cyanides in industries is ever 

increasing. Cyanide is a problem in gold mine effluent because it is used to 
extract gold from the ore. The mine wastewater also contains cyanide com- 
plexes such as ferricyanide which are difficult to breakdown with chemical 
treatment. Precious metals and cyanides reach waste effluents through other 
industrial processes like electroplating and jewellery. Conventional means to 
dispose of cyanide involve oxidation by chlorine-alkaline solutions, chlorina- 
tion, ozonation and electrolysis. 

Serpone et al. [138] have reviewed the photoreduction and photodegradation 
of inorganic pollutants with special reference to cyanides. Frank and Bard 
[139, 1401 have used the TiOz containing semiconductors to destroy cyanide 
photochemically to give OCN- and HzO. They also used CdS dispersions 
in alkaline media in the presence of oxygen. The gold-cyanide complex is 
not decomposed in excess cyanide; on the other hand, photodegradation of 
goldcyanide complex was found to be most efficient under acidic conditions. 
In a study by Borgarello et al. [141], complete transformation of cyanide 
to the less toxic thiocyanate was achieved. These workers used the Rh-loaded 
CdS dispersions in the presence of a waste byproduct by using H2S as an 
oxidizing agent under visible light to achieve a 25% conversion in the 
presence of air and at very high concentrations of cyanide. In another study, 
Borgarello et al. [142] have demonstrated that gold can be recovered efficiently 
from cyanide aqueous media via a light-induced process mediated by TiOz 
dispersions. Detoxification of actual industrial wastes was carried out by 
treating wastes with H202 or SzOg in the presence of UV light to achieve 75% 
degradation. 

The disposal of cyanide ions by peroxide and subsequent photochemical 
reduction of gold(II1) on TiOz particles represents a good example of the 
application of photochemistry and photocatalysis in resolving the environ- 
mental and industrial pollution problems_ UV/H202 decomposition of cyanide 
offers an alternative to the methods used presently [143, 1441. Serpone et al. 
[145] have investigated the reduction and recovery of gold from samples 
containing CN- using TiOz semiconductor dispersions irradiated with UV 
light (A> 210 nm) or AM1 simulated sunlight (A> 310 nm). The degradation of 
CN- was also investigated with peroxides such as H202 and S20; in the 
presence or absence of light. The treatment of cyanide solutions with H202 by 
UV-irradiation lead to the total degradation of cyanides into ammonia and 
CO2 as the main products. However, the photocatalytic oxidation of cyanide in 
aqueous solutions with a heterogeneous system containing tungsten trioxide, 
a-ferric oxide and tungsten was carried out [146] for 4 hours to achieve about 
99% removal of cyanide. 

3.7 Toxic metals 
An attractive and practical implementation of photocatalysis concerns the 

recovery and refining of noble metals such as gold, platinum, palladium, 
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rhodium and silver from industrial (waste) water eflluents [142]. Several such 
toxic metals (in their various oxidation states) can neither be biodegraded nor 
chemically decontaminated. Environmental pollution by toxic metals depends 
on the form of the metals in addition to their bulk concentrations. Most of 
these pollutants enter the marine environment from disposals by the metallur- 
gical industrial sites. 

The reduction of metals on Ti02 particles irradiated with UV light seems to 
be an active area of investigation due to: (i) the noble metals as well as others 
can be photoreduced on the surface of TiOz particles and thus can be removed 
from solution [147, 1481 and (ii) photoreduction of metals on TiOz may show 
the possibility of preparing metal redox catalysts supported on TiOt [149]. 
Serpone et al. [150] reviewed the photoreduction and photodegradation of 
inorganic pollutants with special reference to metals such as Au, Pt, Pd, Rh, 
Hg and Pb. They have shown that the photocatalysis by semiconductor mater- 
ials under UV light or by AM1 simulated sunlight is a better way to eliminate 
the unwanted toxic metals from waste pollutants. Using simulated and air 
equilibrated TiOz suspensions in 0.1 M chloride media, the complete removal of 
100 ppm Hg (originally as HgC12) and 80 ppm (CH&Hg(II) have been achieved. 
Photoreduction of dimethyl mercury did not occur under the conditions of 
natural pH value of TiOz aqueous suspensions but, it occurred only in the 
presence of methanolic aqueous media. The illuminated semiconductors such 
as TiOz, ZnO, CdS and W03 have been used to achieve the photochemical 
reduction of dissolved metals including noble metals [142]. Photocatalytic 
deposition of metals on semiconductors has been reviewed by Otani [151]. 

Inorganic pollutants in wastewater have been oxidatively destroyed with 
H202 using supported metal catalyst systems [152]. These heterogeneous cata- 
lysts were more effective than the conventionally used homogeneous ones in 
oxidizing sulfides, thiosulfates, mercaptans and cyanides in wastewater. Meta- 
ls and supports studied were transition metals on silica, alumina and various 
natural and synthetic zeolites; the choice of these metals varied with the 
nature of the pollutants. The advantage of these catalysts is that they are 
suitable under acidic and alkaline conditions. Complete reduction of rhodium 
(III) was achieved in oxygen-free solution within 45 minutes of irradiation 
whereas the photochemical reduction of palladium(I1) on Ti02, under sunlight 
illumination occurred in the same time interval [153]. Further, selective photo- 
reduction and separation of Au, Pt and Rh from a mixture of their halides 
found in industrial wastes and on TiO, was also studied. Tanaka et al. [154] 
studied the photocatalytic deposition of Pb(II), Mn(II), Ti(1) and Co(I1) onto 
Pt-loaded Ti02 suspensions. The rate of deposition in Pt-TiOz suspensions 
increased when air was continuously bubbled, while a decrease in rate was 
observed when argon or nitrogen were bubbled before illumination. When 
Pt-TiOz was replaced by metal free-Ti02, the efficiency of the metal ion 
deposition also decreased significantly. 

Removal of toxic metals such as lead from wastewater under a variety of 
conditions using the irradiated platinized TiOz particles was studied [155]. The 
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photoassisted reduction of Cr(V1) to Cr(II1) in aqueous suspensions of TiOz 
under UV-illumination was studied by determining the amount of Cr(V1) 
photoreduced at different irradiation times, the mass of catalyst in the suspen- 
sion, the Cr(V1) initial concentration and the pH of the solution [X6]. The 
photocatalytic reduction of dichromate to Cr(II1) in wastewater in the pres- 
ence of platinized synthetic rutile, anatase and WC& was studied [157]. Rutile 
was found to be a more active photocatalyst than anatase or W03. 

Mercury is another toxic metal which occurs in the environment as mercury 
salts. Batti et al. [158] reported the presence of methyl mercury in river 
sediments. Tanaka et al. [154] showed the reduction of mercury from mercuric 
chloride, using illuminated TiOz semiconducting particulates. Elimination 
of mercury(H) in aqueous solutions by ZnO powder under UV-illumination 
has also been studied by Domenech and Andres [159]; however, higher per- 
centages (95%) of elimination was reported for illumination with natural 
sunlight. 

3.8 Sulfur compounds 
Sulfides in the form of hydrogen sulfide occur widely in coal, natural gas 

fields, volcanic gases, sulfur springs and lakes. Hydrogen sulfide also comes 
from anerobic decomposition of sulfur-containing organics. It is also an unde- 
sired byproduct or waste material from a number of coal and petroleum 
related industries [1601 such as: (i) in the production of carbon disulfide 
wherein sulfur is made to react with natural gas at high temperatures and 
half of the sulfur introduced is consumed in the production of H2S, and 
(ii) substantial quantities of HzS can be released in the production of 
coke or manufactured gases from coal. At high concentrations, H2S is a 
deadly poison, nearly as toxic as hydrogen cyanide. H2S is a potentially useful 
source in the quest for alternative to fossil fuels. Cleavage of H2S into hydro- 
gen and sulfur driven by visible light in the presence of semiconductor par- 
ticles is known to take place very efficiently. As the enthalpy of the above 
reaction is +9.4 kcallmol, it provides a method for energy conversion and 
storage as well as for recycling of hydrogen employed in hydrodesulfurization 
processes. 

Conventional and photochemical methods of disposal of HZS have been 
reviewed by Borgarello et al. [161-1631. The methods discussed were absorp- 
tion-desorption, the direct oxidation of H2S into sulfur (Claus process), dir- 
ect/indirect thermal decomposition, electrolytic splitting, and chemical 
methods involving catalysts. The photoelectrochemical and photocatalytic 
methods appear to be promising and efficient as they seem to work well in 
1 M NaOH solutions at 25-80 “C. Borgarello et al. Cl621 have also shown the 
cleavage of H2S in aqueous CdS dispersions under illumination by visible light. 
The effect of ionic surfactants on the efficiency of photocatalytic cleavage of 
H2S in the presence of Ru02 was also investigated. Addition of ionic surfac- 
tants such as sodium lauryl sulfate below their critical micellar concentrations 
(CMC) increased the quantum yield by four-fold. In a photoelectrochemical 
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method investigated by Kainthala and Bockris [164], a thin chemically depos- 
ited cadmium selenide film was known to act as the photoanode and Pt as the 
photocathode for the photoelectrocatalysis of H2S. 

Production of hydrogen through microheterogeneous photocatalysis of HZS 
is an active area of research. Extensive research by many research groups 
[165-1673 has established that (i) hydrogen generation depends on both solu- 
tion pH and RuOl loading [166,167]. For example, at pH 13 and 0.5% w/w RuOa 
loading of the CdS particles, the rate of hydrogen generation is 10 mL/h with 
a quantum yield of 0.35, (ii) Addition of TiOz to naked CdS decreased the rate 
of hydrogen production, whereas deposition of Pt on TiOz virtually suppressed 
the hydrogen evolution from HzS, and (iii) by contrast, RuOz-loaded TiOz 
mixed with CdS exhibits a remarkable increase in the rate of hydrogen produc- 
tion than that of CdS/RuO, alone. The effect of Ru02 is attributed to catalysis 
of the hole transfer from the valence band of CdS to H2S or sulfide in solution: 
the band gap excitation of the CdS particles produce electrons in the conduc- 
tion band and holes in the valence band. The former migrate to the interface 
where reduction of protons to hydrogen occurs, while the valence band holes 
oxidize S2 - to sulfur. Thus, the overall reaction corresponds to the splitting of 
HtS into hydrogen and sulfur by four quanta of visible light. This study proved 
that (i) RuOz unambiguously accelerates the transfer of holes from the val- 
ence band of CdS to redox species in solution, (ii) reduction of water to 
hydrogen can occur on CdS particles efficiently even in the absence of noble 
metal catalysts such as platinum (this shows that the CdS particle itself 
operates as an efficient microelectrode for hydrogen generation), and 
(iii) sulfur formed as an oxidation product simultaneously with hydrogen, does 
not seem to interfere with the reduction of water (i.e., reduction of sulfur by 
conduction-band electrons of CdS, though thermodynamically favored, is 
strongly inhibited for kinetic reasons). Therefore, photocleavage of 
HZS into H2 and S can take place quantitatively. When sulfides such as CdS 
are used as semiconductors, the hole reaction with sulfides is very fast and the 
overall process occurs with a very high quantum yield approaching nearly 50% 
[165]. These investigations have found immense applications, not only in solar 
energy research, but also in the treatment and conversion of H2S or sulfides 
into hydrogen. 

The splitting of HIS in colloidal dispersions of CdS [168] is known to occur in 
alkaline solutions with quantum efficiency of 0.45 for a rhodium-loaded CdS 
catalyst in the presence of SO2 as a sulfur scavenger. The mechanism sugges- 
ted is similar to the one with RuOz-loaded CdS catalyst. When RuOa-loaded 
CdS particles were dispersed in aqueous H,S solutions and illuminated with 
visible light (,I > 400 nm), Hz was generated at a very high rate [165,169]. When 
25mL solution containing 25mg of CdS loaded with 0.025mg of Ru02 in the 
presence of 0.1 M NazS at pH 13 was irradiated, hydrogen gas was generated at 
a rate of 3.2mL/h until the complete decomposition of H,S. Thewissen et al. 
[170] studied the effect of various anions on the cleavage of hydrogen sulfide to 
give hydrogen and sulfur in aqueous suspensions of CdS-loaded with RuOz 
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under illumination of visible light; the addition of sulfite enhanced the produc- 
tion of hydrogen to about four times. A kinetic model for reactions containing 
CdS suspensions to produce hydrogen photocatalytically from sulfide and 
sulfite waste streams was proposed [171]. 

Serpone et al. [172, 1731 studied the effect of CdS on the photocatalytic 
decomposition of H2S in alkaline aqueous media. Irradiation with the visible 
light helps production of hydrogen from hydrogen sulfide in mixed semiconduc- 
tor dispersions such as those containing CdS suspensions in the presence of 
RuOz or Pt-loaded anatase in alkaline solution containing bisulfide ions; this 
helped to improve the efficiency of hydrogen generation due to electron trans- 
fer from the conduction band of CdS to that of TiOz particles. Serpone et al. 
[174] have also shown that etching of well-defined spherical n-type CdS par- 
ticles had an effect on its surface properties and thereby increasing the 
efficiency of photocatalytic cleavage of H2S in aqueous alkaline medium. Also, 
coupling of CdS with TiOz semiconductor particles due to the inter-particle 
electron transfer affects the rate of hydrogen production. Barbeni et al. [175] 

investigated the improved efficiencies via modification of semiconductor par- 
ticulate systems on the H2S cleavage. 

Mechanism of hydrogen evolution on platinum-loaded CdS photocatalyst 
from aqueous solutions of Na2S203 was proposed by Matsumura et al. [176]. 
The effect of temperature, pH, and the enhanced evolution of hydrogen by the 
addition of small amounts of EDTA to the solution were discussed using the 
energy band model of the Pt/CdS photocatalyst. Pelizzetti et al. [177] in an 
effort to dispose H2S and SO* proposed a cyclic system to convert solar energy 
into useful fuel (hydrogen) and chemicals (S,Og-). The photocatalytic cleav- 
age of H,S in alkaline aqueous suspensions of CdS containing sulfite lead to 
the formation of hydrogen and thiosulfate. 

The oxidation of thio-salts is an interesting area wherein the photocatalytic 
methods have been applied. Photoreduction of thiosulfate in semiconductor 
dispersions (alkaline Ti02 suspensions) irradiated with UV light lead to the 
formation of sulfide and sulfite [178]. This reaction was not successful both in 
dark or upon exposure in the absence of TiOz. This observation is significant in 
milling of sulfide ores wherein, part of the sulfide content is oxidized by oxygen 
to thio-salts which when present even in minute concentrations can cause 
serious environmental contamination through oxidation to sulfuric acid in the 
water streams. 

Chun et al. [1’79] have shown that illumination of suspensions of silicon 
powder when chemically modified with polypyrrole/Ru02 system in aqueous 
sulfide solutions resulted in the generation of hydrogen and sulfur. It is 
suggested that this method is compatible with the large scale disposal of wastes 
from process streams. Borgarello et al. [180] were successful in achieving an 
efficient photochemical conversion of aqueous sulfides and sulfites in alkaline 
medium to hydrogen by using a Rh(III)-loaded CdS photocatalyst. A high 
quantum efficiency for the generation of hydrogen was observed at 436nm. In 
a recent study [lSl] rhodium sulfide-coated CdS were used as photocatalysts for 
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the photochemical decomposition of aqueous- sulfide. Among CdS, Rh/CdS, 
Rh2SJ/CdS, and Rh$JJRh/CdS, the ternary system, namely Rh&/Rh/CdS, 
was the most active photocatalyst for the decomposition of aqueous sulfide. 

Buhler et al. [182] and Aruga et al. [183] have reported the production of 
hydrogen, sulfate and dithionate from aqueous solutions of sulfite by the 
Pt-loaded CdS photocatalyst. By this method sulfate, dithionate and hydrogen 
were produced from sulfur dioxide. On the other hand, Matsumura et al. [184] 

investigated the reactivity of sulfur ion on cadmium sulfide, the stability of the 
photocatalyst, temperature dependence of the photocatalytic reaction, etc. 
Catalysts for the photodecomposition of HaS and polysulfide ions including the 
photodecomposition of water, photoreduction of COZ and photodecarboxyla- 
tion of carboxylic acids have been patented [185]. In this study, the colloidal 
particles of TiOz containing redox catalysts were used. Kalyanasundaram et 
al. [186] have produced hydrogen and elemental sulphur by the photoreduction 
of HIS in a solution containing RuOz-coated chlorine-doped n-type CdS cata- 
lyst. If the energy bands of a semiconducting solid are separated by a band gap 
i.e., a semiconducting material is characterized by band structure - a filled 
valence band (VB) separated by an energy gap from a vacant conduction band 
(CB). In case of CdS particles the band gap excitation produce electrons in the 
conduction band (e&) and holes (h&) in the valence band: 

These eIectron-hole pairs diffuse to the surface of the particle where two redox 
reactions occur simultaneously as follows. 

(i) The migration of conduction band electron to interface results in the 
reduction of water to hydrogen 

2e& + H,O+H, + 20H- 

or simply 

2e&+2H++HZ 

(ii) The valence band holes oxidize sulfide to sulfur 

H,S+2h&+2Hf+S 

or simply 

2h&3+S2- --, s 

The overall reaction corresponds to splitting of H2S into hydrogen and sulfur 
by four quanta of visible light. Pelizzetti et al. Cl873 reviewed the photoassisted 
cleavage of HZS with semiconductor particles in those processes that are 
potentially interesting in solar energy conversion systems. Photoelectroly- 
sis with suspensions of catalyst-coated semiconductor particle is displayed 
schematically in Fig. 1. 
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Fig. 1. Photoelectrolysis of H,S with suspensions of catalyst-coated 
titles. (Potential difference AV was calculated from Nernst’s Law). 

3.9 Miscellaneous pollutants 
In this section, a number of miscellaneous pollutants 

semiconductor par- 

will be covered. 
The photodehydrodimerization of cyclic ethers and cyclohexane by n-type 
ZnS and platinized CdS were studied by Kisch [l&3] on a preparative scale. 
Peyton and DeBerry [189] investigated the feasibility of photocatalytic 
oxidation for wastewater cleanup for reuse. Removal of chloroform, 
dimethylamine, methanol, phenol and ammonia were attempted by using 
FezOx, TiOz and ZnO semiconductors using Xe-lamp to simulate the solar 
radiation; Fe203 was ineffective for this purpose whereas, both ZnO and 
TiOz catalyzed systems were found to be effective for the removal of all the 
compounds. 

The accelerated decomposition of organophosphorus compounds on 
semiconductor oxide surfaces (ZnO and TiOz powder) was investigated [190] as 
a method to destroy pesticide pollutants. Decomposition of organo-phosphor- 
ous compounds on photoactivated TiOz surfaces was studied and a mechanism 
was proposed for the degradative oxidation [191]. Photocatalytic degradations 
of organophosphorus insecticides in aqueous semiconductor suspensions were 
studied by Harada et al. [192]. A 5% decomposition of poly(viny1 alcohol) in 
wastewater was achieved by irradiating TiOz loaded with Pt placed in waste- 
water with visible and/or UV-light for 10 h [193). Matthews 11941 described the 
destruction of organic solutes in a thin film-Ti02 reactor. An assessment of the 
role of suspended sediments and clays on the rate and mechanism of photolysis 
of organic pollutants like methanol, p-dichlorobenzene in water was carried 
out by Oliver et al. [195]. Even though semiconductor powders such as TiOz 
could photocatalyze such organic contaminants in water, no such reaction 
occurred with naturally occurring sediments or clays. In other studies 11961, 
photoenhanced catalytic decomposition of isopropanol on V205 by IN-visible 
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photoirradiation, quantitative photoreduction of aliphatic ketones to alcohols 
using defect-free ZnS quantum crystallites [197] in the presence of R > 313 nm 
light irradiation, and photocatalytic decomposition of kraft lignin into 
CO, and H,O by TiOt Cl981 have been reported. 

Different electrode systems with polycrystalline ZnO and tungsten trioxide 
have been attempted and their performance studied [199]. Photoinduced cata- 
lytic reactions of organic compounds like alcohols, amines, amides, etc., on the 
semiconducting oxide powders in suspension were compared with similar 
photoelectrocatalytic reactions. Differences in photocatalytic activities be- 
tween TiOt and ZnO and the effect of Pt-loading of the semiconducting mater- 
ials have been investigated by Anno and Tomonari [200]. It was shown that 
TiOz is 50 times less active than ZnO but Pt-loading accelerated the reaction by 
several orders of magnitude with respect to methylacetylene-Hz0 reaction. 
TiOl and ZnO produced CZH6, CH4, COk, ketones and aldehydes, whereas, 
Pt/TiO, and Pt/ZnO produced C3H6 and C02_ However, with isobutene and 
oxygen, the major products were acetone and CO,; TiOz was three to four 
times as active as ZnO, and P&loading accelerated the reaction by several 
orders of magnitude. 

Cai et al. [ZOl] have described a method of loading platinum on Ti02 
for the preparation of photocatalyst by combining the photoinfusion and 
reduction with hydrogen. The catalytic activity for the decomposition of 
organic carboxylic acids of the catalyst prepared by the combined method 
was higher than that by photoelectrochemical method. The photocatalytic 
destruction of phosphate-esters used as warfare agents and insecticides has 
been studied [202]. It was found that diethyl nitrophenyl phosphate can be 
destroyed within minutes on the surface of Ti02 (anatase) particles under 
illumination with a solar simulator; this proves the high activity of the TiOz 
photocatalyst. 

Photocatalytic activities of microcrystalline TiOz incorporated in the 
interstitial layers of the montmorillonite (a sheet silicate clay material) were 
investigated [203]. It was shown that the photocatalytic activities of the 
pillared Ti02 was greater than those of the Ti02 powder particles for 
the decomposition of 2-propanol to give acetone and hydrogen; similarly, 
carboxylic acids to give the corresponding alkanes and COz. Van Damme et al. 
[204] have reviewed the photocatalysis over clay support. Examples were 
provided to support the use of clay minerals in photocatalysis in (i) supporting 
homogeneous and heterogeneous redox catalysts including metals, oxides 
and sulfides and (ii) to intercalate photocatalytic transition metal complexes. 
Photocatalytic reactions can be performed either at solid-gas interface on 
clay powders or clay films. Photocatalytic layer of Ti02 supported on 
glass-beads or thin films of TiO, deposited on glass surface were proved 
to be effective in destroying the organic pollutants [205, 2061. CdS was incorp- 
orated in porous Vycor glass, nafion, cellulose and on polycarbonate plates, 
whereas mixed ZnS-CdS were supported onto Si02, A1203, nafion@, nylon and 
clays. 
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4. Conclusions 

The generation of hazardous wastes (chemical byproducts) is endemic to 
most chemical manufacturing processes and to the large-scale users of many 
chemical-based materials. Approximately 300 million metric tons of hazardous 
waste under US. Federal and State regulation were generated annually ac- 
cording to the most recent estimates in 1984. This is a world wide problem and 
is particularly acute in the United States. The petrochemical and refinery 
industries produce about 70 percent of this waste on a national basis. Geo- 
graphically, the greatest production of hazardous wastes occur along the Gulf 
Coast. Presently, land disposal is used for as much as 80 percent of the 
nationally regulated hazardous wastes, some of which may remain hazardous 
for years or even centuries. Inappropriate disposal of these wastes on land 
creates the risk of contaminating, particularly the ground water, causing 
adverse health effects. 

An effort has been made in this review to give an overall coverage on the 
topic of photomicroelectrochemical detoxification of hazardous materials. The 
most important findings of the research efforts of the noted researchers on the 
topic of photomicroelectrochemical detoxification of hazardous wastes have 
been discussed. While it is difficult to give all the details of the relevant 
methods, the important references are given from which the readers may get 
further details. In any case, disposal of hazardous waste is not an easy task. To 
alleviate or at least reduce this problem, it is recommended that our society 
should follow some important steps aimed at: (i) reducing the magnitude and 
hazardous nature of potential releases of waste components, (ii) improving the 
monitoring programs to quickly detect such releases and improving corrective 
actions to mitigate release effects, (iii) developing waste treatment procedures 
to reduce the hazard level - and possibly the amount of waste requiring 
disposal - and developing the ultimate disposal and dispersal of residues from 
previous steps in a manner that holds release into the environment to accept- 
able levels, and (iv) improve and expand the data and information on hazard- 
ous wastes and facilities which are necessary for more reliable risk assess- 
ments. 

It is hoped that by following such procedures in the near future, it might be 
possible to alleviate the environmental pollution problems which are quite 
serious and pandemic that plague researchers working in this area. 
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