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Abstract

Water resources are presently overloaded with biologically resistant (refractory) pollutants. Several
oxidation methods have been developed for their degradation, the most efficient of which is iradiation treatment,
particularly that based on e-beam processing in the presence of Q/O3. The next-best method is photoinduced
pollutant oxidation with VUV- and/or UV-light, using HjO2 or H2O2/O3 as an additional source of OH radicals.
The photocatalytic method, using e.g. TiQ as a catalyst in combination with oxidation agents such as If Oj or
H2O2/O3, is also recommended. The suitability of these three methods is illustrated by examples and they are
briefly discussed and compared on the basis of theirenergy consumption and efficiency. Other methods, such as
ozone treatment, the photo-Fenton process, ultrasonic and elctrochemical treatments, as well as the well known
biological process and thermal oxidation of refractory pollutants, are briefly mentioned.

1. INTRODUCTION

Current water resources are strongly overloaded with biologically resistant pollutants, as a

result of global population growth and the development of certain industries in the past few decades.

The disposal of chemical waste in rivers, seas and oceans has contributed to possibly-irrepairable

destruction of marine life. The application of fertilizers, pesticides etc. in modern agriculture has

exacerbated the situation. Hence, urgent measures are necessary for remediation of water resources.

For the degradation of water pollutants, a number of oxidation methods, based on processes

initiated by ionizing radiation, UV- and visible light, photocatalytic induced reactions, as well as

combinations of these, have been developed. Technologies for water remediation are compiled and

presented in Table I.

From die technical point of view, die most efficient treatment of water is irradiation by

electron-beam in the presence of O2 and O3 [1-3 and references therein]. Photoinduced pollutant

oxidation utilizes various combinations of VUV- and/or UV-radiation [2] using H2O2/O3, as well as

the photo-Fenton process [4] (see also Table I), as an additional source for OH-radicals. Photocalatytic

methods, using semiconductors such as n-TiO2 as catalysts in combination with H2O2, H2O2/O3 etc.,

are also rather promising [3, 5, 6]. All these techniques are briefly reviewed in this paper.
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TABLE I. METHODS FOR WATER REMEDIATION

No.

1

2

3

4

5

6

7

8

9

Method

Radiation induced oxidation of pollutants
using: electrons, y -rays, x-rays;
synergistic effect in the presence of O3/O2,
eventually H2O2 as additive.

Photoinduced oxidation by UV (149 &
254 nm), or UV/O3, UV/H2O2 and

UV/O3/H2O2, resp.

Phdtocatalytic treatment: UV/VIS light
using TiO2, ZnO etc.as catalyst

Ozone treatment: O3 or O3/H2O2

Photo-Fenton process: UV/H2O2/Fe2+ or
UV/H2O2/O3/Fe2+ (acid media)

Ultrasonic treatment (sonolysis of water)

Electrochemical oxidation

Biological process for biodegradable
pollutants, used for wastewater treatment

Thermal oxidation of pollutants, used for
liquid industrial waste

2. RADIATION PROCESSING OF POLLUTED WATER

2.1. Radiation units
Some useful units and conversion factors in radiation technology are presented below1.

'Output power of electron accelerator, in kW:
kW = mA x MeV (mA = electron current, MeV = electron energy).

Radiation yield: G-value = number changed molecules per 100 eV (1.6 x 10'7J) absorbed energy; to
obtain /*mol J1, multiply the G-value by 0.10364.

Absorbed dose: 1 rad = 100 erg g ' = 6.24 x 1013 eV g1

100 rad = 1 Joule kg1 = 1 Gray (Gy)
lkrad = 10 J kg1 = 10 Gy
lMrad = 10" J kg1 = 104 Gy
1 kW = 3.6 x 106 J kg"1 = 360 Mrad kg1 h1 .
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2.2. Radiolysis of water
For a better understanding of the subject matter, the primary reactions of water radiolysis and

their yields (G-values)1 as a function of pH are briefly described.

As a sequence of radiation absorption at 10~15 s, the water molecules can become excited

(H2O") or ionized, with formation of H2O
+ (radical cations) and secondary electrons (e). The latter

lose energy by interaction with surrounding molecules (formation of further H2O*, H2O+ and e) and

thermalizing to e^,, which finally become solvated (e^) within about 3 x 10'12 s. Major primary

processes of water radiolysis are compiled as a set of reactions in Fig. 1. The primary radicals

resulting from water radiolysis are involved in a number of reactions with each other [1, 2].

It should be noted that the yields (G-values) of the primary products of water radiolysis are

strongly dependent on the solution pH. This fact is illustrated by the data shown in Fig. 2.

2.3. Radiation-induced decomposition of water pollutants
As mentioned above, radiation processing of water (by means of electrons or y-rays) in the

presence of air, is an efficient method for degrading pollutants. This fact is illustrated by the radiation-

induced decomposition of trichloroethylene (C12C=CHC1) and phenol (C6H3-OH).

The radiolysis of trichloroethylene, in the presence of air, is illustrated by taking Cl' formation

as an indicator of the process. Fig. 3 shows the yield of Cl" as a function of dose, observed by the

radiation-induced degradation of 10"3 mol L"1 C12C=CHC1, in the presence of air. The Cl" yield is

higher than that expected by the attack of the primary radicals of water radiolysis {G (OH + e',, +

H) = 6.1}. This is because multiple hydrolysis of the transients is also involved.

The decomposition of diluted C12C=CHC1 is presented in Insert 1 of Fig. 3. In this case a

rather small dose of about 150 Gy is sufficient for complete degradation of the pollutant. The

oxidative radiolysis of C12C=CHC1 leads also to the formation of aldehyde, as shown in Insert 2 of

Fig. 3.

Although many laboratory studies have been performed, complete reaction mechanisms of the

radiation-induced degradation of C12C=CHC1 and related compounds are still not completely

elucidated. However, the main reaction steps (1) to (20) are given below for better understanding of

the subject matter [7].

2.3.1. The effect of ozone

The effect of ozone with respect to water purification is well established, and has been applied

in practice in many cases [8, 9].

2.3.2. The synergistic effect of radiation and ozone combination treatment

The synergistic effects of radiation and ozone treatments have been studied by various authors

[10-16]. A particularly efficient application of ozone is observed in the case of pollutants having

double bonds, such as olefinic and aromatic compounds. Ozone combines at the double-bond position

and after some transformations a hydrolysis takes place, resulting in decomposition of the pollutant.

This is illustrated in the degradation of C12C=CHC1 by Reactions (21) and (22).

49



Primary reactions:

H2O —w^v—i • H2O* ~*H + OH
I ^ H2O + e~; e' — * • e*- + n H2O »- e^

Gross reaction of water radiolysis (the G-values'' at pH 7 are given in brackets):

-y H, OH, H2, H2O2, ^ ^
(2.7) (0.6) (2.8) (0.45) (0.7) (3.2) (0.5)

Major primary reactions'.

H.+ + OHLf—H2O (k = 1.4x10" dm'molV)
H + H — ^ H 2 (k = 1.0 x 1010 dm'molV)
H + OH ——H2O (k = 2.5 x 1010 drn'molV)
H + e^ — * H2 + OH^ (k = 2.0 x 1010 dm'mol's1)
OH + OH —— H2O2 (k = 6.0 x 109 dm'mol-'s"1)
OH + ê ~ -—^ OH,," (k = 2.5 x 1010 dm'mol's1)
ê ~ + e.,- —— H2 + 2 OH,; (k = 3.0 x 10' dm'mol's')
e^" + H.,+ —•+• H (k = 2.3 x 10!0 drn'mor's"1)
H + OH,," —^e^" (k = 2.5 x 107 dm'mol's1)

O H ^ H ^ + 6.,- (pK = 11.9)

H2O2^H«,+ + HO2~«, (pK = 11.65)

In the presence of oxygen:

H + o2 — * H O 2 (k = 2.1xl0!0dm3molV)

e^ + Q 2 — - ~ 6 r (k « 1.9 x 10IC dm'molV)

HO2**H+ + Of (pK = 4.8)

In the presence ofN?O:

e~ + N2O —— OH + OH" + N2 (k = 0.91 x 10!0 dm3molV)

In the presence ofH?:
OH + H2 —~*H2O + H (k = 3.5 x 107 drn'molV)

G-value = number of changed molecules per 100 eV (1.60 x 10 n J)
absorbed energy.
For conversion into Si-units: multiply the G-value by 0.10364 to obtain
G(x) in

Fig. 1. Radiolysis of water and some primary reactions.
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Fig. 2. G-values of the primary products of water radiotysis as a function ofpH.
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7: Decomposition of 2.74 x 1O4 mol.dm'3 Cl2C=CHCl irradiated in the presence of air (pH =

6.5) as a function of dose.

Insert 2: Aldehyde formation resulting from: (A) W3 mol.dm3 and (B) 1O4 mol.dm3 Cl2C=CHCl

irradiated in the presence of air (pH = 6.5) [2].

Fig. 3. Dose-dependence of Cl'formation from 1 x 1O3 mol.dm3 trichloroethylene irradiated in the

presence of air (pH = 6.4).
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OH - attack:

C12C = CHC1 + OH — i — • C12COH-CHC1 (la)

—*• C12C-CHC1OH < lb)

' — • C12C = CC1 + H2O
 ( l c )

k, = 3,3 x 109 dn^mol'V

Multiple hydrolysis:

C12COH CHC1 + H2O — • C1HC COOH + 2H+ + 2 Q - (2)

C1HC-COOH + H2O — • HCHO + COOH + Cl" + K (3)

C12C CHC1OH — •C1 2 C + HCO + YC + CT (4)

CI2C : Xnn = 260 jim , dsappear with 2k = 2,6 x 108 dm3morts"1

The HCO species disappear according to the reaction (5) and (6) or are scavenged by O2 (s.Table 1):

2HCO - — • CO + HCHO (5)
L - ^ (HCO)2 (glyoxal) (6)

HCO + O2 •-,—• CO2
 + OH (7)

'--*" CO + HO2 (8)

Addition of oxygen and HO2 / Of radicals:

+ O2 — • C12C^CC1 — • CI,C = CO + HOC1 + OH (9)

0'2

C12C-CO+ HO2 —r—• C1:C CO.OOH + H2O — • C12CCOOH + H2O2 (10a)

•—• CI2C CO + O2 — • C12C C0.62 • - - • CIO + C1OH + 2CO2 (10b)

OOH

CIO + H2O —»

C12CCOOH + H2

C12COH + HO2

CI2C = CHCI * o:

C12C-CHC1.O2~ -

C12CO + H2O -

C12C(O21CHC1 +

• HOC1 4

0 — • <

— • co

OH

:I2COH + HCOOH

+ 2C1"+ 2H+ + 0 2

• C12C-CHC1.O2-

- Cl2C(O2-)-CHCl

-*" C12CO (fosgen) + C1OH + CO

-+• c o 2 ••

H2O —

• 2 H + + 2 C 1 -

• CO2
 + 2H+ + 3C1- +

(11)

(12)

(13)

(14)

(15)

2 (16)

HCO

(17)

(18)
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C12C(O:T)-CHC1 + 0 2 — • Cl2C(O2-)-CHCl.O2

CI2C(OJ)-CHC1.62
 + H20 — • C02

 + CO + 2H+ + 2C1" + CIO' + OH (20)

C1,C C12C® (f C12C—0 .0,
I i pv _̂ _̂ r\\ r< CHCL (31}

C1HC 3 ClHC--O^-O- ) C I H C - O S T - O Q O ~ 6
(ozonide)

The ozonide undergoes hydrolysis, whereby two carbonyl compounds (phosgene and aldehyde) as well
as H2O2 are formed:

O OH OH

C12C CHC1 + H2O_^Cl2C CHC1__^ c l 2 C 0 + C 1 H C O + H ^ ( 2 2 a )

0-0 O—O

C12CO + H20 > C02 + H+ + Cl- (22b)

The halogenated aldehyde can likewise undergo hydrolysis.

2.3.3. The radiation-induced degradation of phenol
The radiation-induced degradation of phenol is discussed as an example for other aromatic

pollutants. The highest decomposition yield of aqueous phenol in the presence of air is obtained by
using a very low dose rate. The substrate concentration is also a determining factor. Micic et al. [17]
observed - for aerated 2 x 10~2 mol L ' phenol solution - that the G(-PhOH) value increased from 2.6
to 250 upon decreasing the dose rate from 100 to 13 Gy h1. Similar data were obtained by other
authors [2, 10, 18]. This effect is explained by a chain reaction, initiated by OH and O2*" species,
and propagated mainly by the O2*' transients.

The decomposition of oxygenated 10~5 to 10"3 mol L1 phenol is presented in Fig. 4-1 as a
function of applied dose (dose rate: 82 Gy min1). The diluted solutions (10^ and 10"5 mol L~l phenol)
require a dose of about 1 kGy for their destruction. However, the substrate radiolysis results first of
all in several products that are shown in Fig. 4-II. Hence, for complete destruction of all products
originating from phenol, a much higher dose is needed.

The major radiation-induced reactions involving aerated phenol, (23) to (27), were studied
previously [2, 3, 19]. Major products are shown in (29).

+ OH + H,O (-70%) (23)

OH
(OH - adducts on o-, m.-
p - and ipso - positions)

2 C6IL;(OH) — CgHjOH + ( ) \ ( - 30%) (24)
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Fig. 4. (I) Radiation-induced decomposition of aqueous phenol, at various concentrations, as a

function of dose, in the presence of 1.25 x 1O3 mol.dm'3 O2 (pH ~ 6.5 at 25''Q.

Insert: G(-PhOH) observed at 10s to W3 mol.dm-3 [PhOHJ.

(II) Major products resulting from solution (B) as a function of dose: (a) pyrocatechol, (b)

hydroquinone, and (c) hydroxyhydroquinone [I, 2, 19].
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(25a)

(25b)
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OH OH OH

+ HO, (26)

OH
(hydroquinone)

OH OH

,O
"H

OH

H
OH

(hydroxyhydro-
quinone)

CHCOOH COOH HCOOH and CO,

il I

HO2* (27)

(28)
il I

COOH CHCOOH COOH
Mucon
aldehvde

Muconic
acid

Maleic Oxalic Formic
acid acid acid

(Ozonide) (Hydrolysis)

(Muconic aldehyde)

OH

COOH
COOH

(2-Hydroxy muconic acid)

(29)

As already pointed out, the synergistic effect of ozone and radiation is very efficient with

respect to pollutant degradation. In the case of phenol, the action of ozone is illustrated by several

reaction steps presented in (29). It explains also the formation of muconic acid under these conditions.

Some experimental data concerning the radiation-induced decomposition of 4-chlorophenol

under various conditions are summarized in Table II. The combination of radiation and ozone (even

at very low concentrations) results in a higher degradation yield.

To conclude, it can be stated that water remediation by radiation treatment is a powerful and

efficient method. Schemes for electron-beam processing of drinking water and of industrial

wastewaters are presented in Fig. 5.

3. PHOTOCHEMICAL TREATMENT OF POLLUTED WATER

The photoinduced decomposition of pollutants of water can be based on indirect or direct

photolysis, as well as on both processes. In the first case the primary transients of water photolysis
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TABLE II. SOME USEFUL DEFINITIONS, RADIATION UNITS AND CONVERSION
FACTORS

Output power of electron accelerator (in kW):
kW = raA x MeV
mA = electron current, MeV = electron energy

Radiation yield: G-value = number of produced or decomposed
molecules per 100 eV absorbed energy. For conversion into Si-units:
multiply the G-value by 0.10364 to obtain G (x) in /tmol.J"1.

Absorbed dose:

1 rad = 1 0 0 erg. g"1 = 6.24 x 1013 eV.g"1

100 rad = 1 Joule.kg-1 = 1 Gray (Gy)
1 krad = 1 0 Joule, kg'1 = 10 Gy
1 Mrad = 104 Joule.kg-1 = 104 Gy
1 kW = 3.6 x 106 J.kg'1 = 360 Mrad.kg.h/1

A. B.
Reservoir of
raw drinking
water

Storage of
purified
water

To cc
r

nsumer

Equilibration
» with air andO3 addition

r

Radiation
processing:
disinfection
and
decomposition
of pollutants

Chemical
plant

Purified
waste
water

To river/sea

Reservoir
of waste
water

Pretreatment
steps:
Neutralization,
sedimentation,
coagulation etc.

Radiation
processing:
decomposition
of pollutants,
disinfection

Micro-
biological
purification
(sewage)

Fig. 5. Scheme for purification of drinking water (A) and of industrial wastewater (B) by

electron processing.
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are OH, H, and e'^ (solvated electrons), and, in the presence of oxygen, OH, HO*2/O*2" species attack

the dissolved compound, whereas in the second case the substrate absorbs the incident light directly.

As a result, the substrate molecules become electronically excited and can undergo various kinds of

reactions depending on the experimental conditions.

3.1. Water photolysis
Fig. 6 shows the absorption spectrum of water as well as the quantum yield (Q) of H, OH and

e",,, of the primary products of water photolysis, for three VUV-lines [20-24]. Electromagnetic

radiation of 123.6 and 147 nm can be produced by special electrodeless lamps [24]. The VUV-light

at these two wavelengths is of no practical interest in this regard, but is rather important with respect

to ozone chemistry in the upper atmosphere.

As can be seen from Fig. 6, the VUV-line at 184.9 nm (produced by low-pressure mercury

lamp) is absorbed by water, likewise the 123.6 and 147 nm lines. Hence, water can be photolytically

decomposed [22, 24]:

f cm"1 \
{ Atm/

c*nnbUU-

250-

n

AA

X(nm)

184.9

147

123.6

1

eV/htJ

6.7

8.4

10.4

—-N

Q(H,OH)

0.33 /A/
0.33 /B/

0.7 /C/
0.72 /D/

1.0 /D/

\

^ 0.03/B/

< 0.07/C/
<0.07 /D/

< 0.10/D/

1
100 150 nm 200

Fig. 6. Absorption spectrum of water [20].

Insert: Quantum energy (eV/hv) and quantum yields (Q) of the primary products of water photolysis

with VUV-light at 123.6, 147, and 184.9 nm.

(A) - [21], (B) - [22], (C) - [23], (D) - [24].
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H20 —-\>
2H2O*

H2O"

H20+

«-> H20
- • H 2 0

-> H20+

+ H2O

-> H
+ H 2 0"

+ e"aq

-» HO

+ OH
(super-excited molecules)

+ H+
M

(30)
(31)

(32)

(33)

O2 -
O2

H + 4

* HO2 '

» O2*

o2-

(k

(k

(Pi

= 1.9 x 10'° dm
= 2 x 1019 dm3

<C = 4.8) [25]

3 mol1 s1),
mol1 s1),

(34)

(35)

(36)

The quantum yields of the primary products (H, OH, e"^) are given in the Insert of Fig. 6.

The free radicals so produced, OH, H and e,,, can initiate the decomposition reactions of water

pollutants. In the presence of air, both H and e .„, are converted into peroxy-radicals.

H +

HO2 -

It should be mentioned that the HO2" species are generally more reactive than O2*. The

absorbed energy per quantum at 184.9 nm is: E = 6.7 eV/hv, which was taken as the basis for

calculation of the photochemical G-values2 of: G^ (H, OH) = 4.92 and Gph (e^) = 0.45, at pH 7.

3.2. Photolysis of dichloromethane

The major absorption band of dichloromethane lies in the VUV-range (Fig. 7B). Using VUV

of 184.9 nm, both processes, direct electronic excitation of the substrate as well as photolysis of

water, take place simultaneously [1]. The yield of the photoinduced Cl-cleavage is determined as a

function of the absorbed energy, and is taken as an indicator of substrate degradation (Fig. 7A). Up

to a dose of about 4 x 1016 hv ml/1 the Cl" formation is linear with the absorbed VUV-quanta, and

then tends to saturation. This effect is due to the reduced pollutant concentration and the involvement

of secondary competition reactions.

As mentioned above, in addition to water photolysis (Reactions 30 - 33) a direct excitation of

the substrate by the 184.9 nm VUV also takes place, namely:

CH2C12 - ^ ^ w 'CH2C12 ->j-> *CHC12 + H (37)

U *CH2C1 + *C1 (38)

Cl + H2O -» OH + H+ + Cl* (39)

The H-atoms as well as e ^ are scavenged by O2 (see Fig. 1, Reactions 34 to 36) at pH 7 resulting

in O2*' species that can oxidize the pollutant. Besides, both transients, *CHC12 and *CH2C1 react with

O2 and the resulting peroxyl-radicals lead to the formation of phosgene (OCCy, which hydrolyses

[1, 7, 25].

*CHC12 -
*CH2C1 -

OCC12 +

h O 2

1- O 2

H20

—» * O 2 C H C 1 2

O2CH2C1

CO2 +

—»•

—>

2H

OH
OH +

+

4

CO

2

+

cr

OCC12

H+ + Cl
(40)
(41)

(42)

2In the case of water hydrolysis, the yields of the primary radicals at pH 7 are:
G(H) = 0.60 G(eaq) = 2.7 G(OH) = 2.8 (see Fig. 2).
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Fig. 7. A: Photoinduced Cl-cleavage from CH2Cl2 in 2 x 104 mol.dm'3 aqueous, air saturated

solution, at Xae = 184.9. B: Absorption spectrum ofCH2Cl2 in 104 mol.dm3 aqueous solution (pH

- 7) [1, 3].

It is known that the reactivity of peroxyl radicals is increasingly enhanced with the number

of halogen atoms in the molecule [26, 27]. Hence, *O2CHC12 species react more strongly with organic

substances than do *O2CH2C1:

*O2CHC12 CH2C12 •CHC1, + 2H+ + 2C1- + CO, (43)

The OH radicals originating from the water photolysis (Reactions 30 and 33) as well as from

Reactions (39 and 40) can also attack CH2C12:

CH, OH
*CH2C1 C1OH

(44a)

(44b)

k14 = 0.9 x 108 dm3 mol1 s1

The *CHC12 and *CH2C1 transients are involved in several reactions as shown above. The

peroxyl-radical anions (O2*) and H2O2 also contribute to the degradation of CH2C12.

o 2 - CH2C12

CH2C12

HO2*
OH

*CHC12

*CHC12 H2O

(45)

(46)

On the basis of the yield of Cl" ions, the quantum yield (Q) and the "photochemical" G-value

of the Cl" ions were calculated, and are given in Fig. 7A. The very high degradation yield obtained

is due to chain reactions initiated by the OH radicals and transients resulting therefrom.
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3.3. Photolysis of phenol
The photoinduced degradation of phenol is discussed below for comparison to its above-

mentioned decomposition by ionizing radiation. It has been previously studied in the presence of
oxygen and small amounts of ozone [3, 28].

One should first mention that electronic excitement of aqueous phenol, as well as of a number
of other organic and inorganic compounds, leads to the formation of e'„, in addition to other processes
[3, 29]. In the case of phenol, the following photoinduced processes take place:

*C,H«OH photophysical processes
+ H+ + CJLO*

C6H*5O

(47a)
(47b)
(47c)

The quantum yields (Q) of e"^ resulting from S,- and S2-states for phenol are: 0.03 and 0.06.
For phenolate, irradiated with UV of 253.8 nm the Q(eaq) is 0.17, and for 228.8 ran it is 0.27 [3].
In the presence of oxygen, e'^ and H-atoms are converted into peroxyl-radicals (see Reactions 34, 35).

The photoinduced degradation of phenol, using UV of 253.7 nm in the presence of oxygen
and small concentrations of ozone in neutral solutions, is shown in Fig. 8. The Q- and Gph-values
achieved, as well as the absorption spectrum of phenol and phenolate, are given as Inserts in Fig. 8.

The major reaction step leading to the decomposition of phenol may start with the formation
of phenoxyl radicals, as in Reactions (47b) and (47c), which exist in several resonance structures, each

100-̂

fwnl"

Fig. 8. (A) Photolysis (in %) of 1 x 104 mol.dm3 phenol, in the presence of 1.25 x W3

mol.dm'3 O2 and 1.1 x 1O5 mol.dm3 O3 (pH = 7.5), as a function of absorbed UV-dose (k = 254
nm). (B) Absorption spectrum of phenol (1) and phenolate (2).
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of which leads to a different final product. These reactions are not discussed in detail. However, it

is noteworthy that the peroxyl species initiate a number of reactions discussed above (Reactions 23-28)

that lead to degradation of the phenol. It might also be mentioned that in addition to the OH, H and

e ^ resulting in the VUV-water photolysis, the triplet state of the pollutant as well as the singlet

oxygen ('O2) can also be involved in the photochemical decomposition process in the presence of air.

4. PHOTOCATALYTIC TREATMENT OF POLLUTED WATER

This method is based on the application of semiconductors (TiO2, SrTO3 etc.) as

photocatalysts, which were primarily developed for H2-production from water by means of solar

energy [3, 30-35]. The principle of the method is illustrated in Fig. 9. Upon illumination of a TiO2

particle immersed in aqueous solution with light of X < 450 nm, an electron rises from the valence

band (sv) to the conductivity band (e j resulting in a charge separation (Fig. 9A). Each type of

semiconductor has a characteristic band-gap (EG = ec - EV, in eV; 1 eV = 23 kcal/mol; for TiO2,

eG = 3 eV). Hence, each particle represents a redox-system and can promote oxidation or reduction

reactions depending on the experimental conditions.

The photocatalytic decomposition of pollutants on, for example, the TiO2-surface, is visualized

schematically by Fig. 9B. As a result of the charge separation, the illuminated part (positively charged

holes, h+) is able to decompose the absorbed H2O molecules to OH and H+ species. The OH radicals

can initiate pollutant degradation by oxidation. On the other hand, the shaded part of the TiO2 particle

becomes negatively charged, hence electrons can be transferred to absorbed O2, H
+, or to a pollutant

molecule, initiating a number of processes.

E v = valence band
E c — conductivity band
EF = Fermi band
EG = Ec - E v = band-gap

Products
pK = 4.8

Fig. 9. (A) Simplified scheme of the energy levels of the illuminated n-type semiconductor

particle, e.g. TiO2 (B) Photoinduced reactions on the surface ofTiO2 particles in polluted water [3].
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Illuminated side:

TiO2 - / *

TiO2
+ +

20H ->

H2O2 +

Shaded side:

e* +

e' +

H +

H20

H2O2

OH

o

TiO+
2(h+)

-> TiO2

-> H2O

- * H

-> o2-
-* HO*.

e- (48)

O H ^ + H+ (49)

(50)

HO*2 (51)

(52)

(53)

(54)

Using TiO2 as a photocatalyst, it is possible to decompose various pollutants in water [3 and

references therein]. This method can also be used in combination with other techniques, for example

in the presence of H2O2, in order to increase the OH concentration in the solution. Depending on the

"action spectrum" (absorption range) of the semiconductor employed, the photocatalytic method can

be operated also by solar energy [5, 6, and references therein].

5. CONCLUSION

Comparing the yields of radiation-induced degradation of pollutants with those obtained by

VUV- and UV-radiation, it is clear that the latter are much higher. This fact is based in the first place

on the direct excitation of the pollutant molecule by VUV and/or by UV, and in some cases (e.g.

phenol) on the additional photoinduced formation of e^ . In the case of VUV, water photolysis also

takes place, resulting in higher yields of OH and H radicals.

From the practical point of view, however, when processing very large quantities of polluted

water, treatment with high-energy electrons is to be given preference over the photochemical and

photocatalytic methods [36]. This is because the radiation energy needed can be provided by powerful

modern electron accelerators. Photocatalytic processes can be of interest for countries with

predominantly sunny weather; they are still under development.
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TABLE m. INITIAL YIELDS (GJ* OF THE DECOMPOSITION OF 10"4 MOL.DM"3

4-C1-PHENOL, AS WELL AS OF THE FORMATION OF Cl IONS AND OF
ALDEHYDES, OBSERVED UNDER VARIOUS IRRADIATION CONDITIONS
AT pH 6.5 [16]

In the presence of:

Argon

0.25 mM O2

1.25 mM O2

1.25 mM O2

0.011 mM O3

Gi(-4-ClPhOH)

2.7

2.0

2.8

3.7

Gi<CT)

1.15

1.50

1.30

8.30

G; (Aldeh.)

0.28

0.23

0.22

1.00

j = initial G-value is calculated from the linear part of the dose-yield curve.
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