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ABSTRACT
Advanced photooxidation is an emerging, novel technology where
aqueous organic waste compounds are mineralized by using HzQz or Oj or a
combination of the two oxidants in the presence of UV radiation. A detailed
review of the published information on the mechanism and kinetics of the
free radical initiated mineralization process for the three main categories of
advanced photooxidation reactions, namely, UV/HjOb UV/os and UV/H2O2
and Os have been discussed. Scaleup parameters, design considerations and
economic aspects of fullscale advanced photooxidation reactors for
mineralization of pollutants commonly present in industrial effluents are
also discussed in the text
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1.0 INTRODUCTION

Chemical process industries discharge large quantities of toxic organic
chemicals into the environment. Leaking underground storage tanks and
improperly designed landfills cause extensive contamination of precious
groundwater resources III.
Conventional technologies for treatment of industrial wastewater and
contaminated groundwater are biological oxidation, activated carbon ad
sorption, and air or steam stripping 12,31. Although biological oxidation
processes permanently destroy the organic pollutants, they are ineffective for
treatment of a large number of refractory organic compounds (Table 1).
Adsorption or stripping processes do not destroy the pollutants; they merely
transfer the pollutants from one phase to another. Also, these conventional
treatment processes produce secondary wastes which require proper
disposal.
Table 1
Partial list of compounds refractory to biological oxidation
• chlorinated solvents (chloroform, carbon tetrachloride,
chlorofluorocarbons, perchloroethanes)
• mono, tri, and pentachlorophenols
• polychlorinated benzenes, dioxins
• pesticides (DDT, arachlor, lindane)
Chemical oxidation is an alternative technology that has been success
fully applied for destruction of a broad spectrum of organic compounds.
Ozone and hydrogen peroxide (oxidation potentials 2.07 and 1.77 V
respectively) have long been used commercially as oxidants, bleaching
agents and disinfectants IM. Mass transfer limitations and high cost of
treatment for satisfactory destruction of low levels of organic pollutants have
prevented wider usage of these two oxidants in pollution control
applications.
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In the year 1976, Prengle and coworkers 151 reported a significant
enhancement of the oxidation kinetics of dissolved hydrocarbons by a
synergistic combination of ultraviolet (UV) radiation and O3. Later, the
findings of Prengle et al. (1976) were confirmed by a host of other
researchers with synergistic combinations of UV7Hj02 and UV/Qj 16421.
Oxidative degradation of aqueous organic waste compounds by a
combination of UV and H2O2, UV and Ο$ or υν,Η^Οζ and 03 is commonly
called advanced oxidation, advanced photooxidation, or enhanced oxidation
/14/. Under carefully selected operating conditions, advanced photooxidation
may result in complete or near complete destruction (often called minerali
zation) of the organic pollutants. The final products of the mineralization
process are COz and HjO and additionally halide ions, if the pollutant is a
halogenated organic compound. Advanced photooxidation destroys organic
pollutants to environmentally benign products and it does not produce a
secondary waste.
Dilute aqueous solution
containing
organics

dissolved

UVradiation

>

COj + HjO + X~

H^ and/or Oj
+ catalyst (optional)

In the advanced photooxidation process, UV radiation plays a dual role
of a reactant and a catalyst As reactant, UV radiation is directly responsible
for photolytic degradation (photolysis) of the organic molecule 7437. As
catalyst, UV radiation causes photolysis of the oxidant molecules (H^
and/or Cb) to create potent oxidizing free radicals, such as hydroxyl (Off)
and perhydroxyl (HOO°) radicals, which initiate a complex chain of
oxidative degradation of the organic molecule 78,29,307. Formation of
reactive free radicals by photolysis of substrate and oxidant molecules,
followed by reactions of the free radicals to produce progressively smaller
and smaller fragments of the substrate is believed to be the root cause of
enhanced reactivity or synergism between UV radiation and the oxidants
(H2O2 and/or Os) in an advanced photooxidation process 744,457.
Three principal mechanistic routes of mineralization by the advnced
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photooxidation process have been identified /35,43,46,47/; (a) photolysis of
the organic molecule, (b) direct reaction between the organic molecule and
the oxidant(s) (H^ and/or 03) and finally (c) formation of reactive free
radicals by photolysis of H2C>2 and Os, followed by a complex network of
chain reactions initiated by the free radicals. These mechanistic pathways of
reactions are similar for all advanced photooxidation processes, although
there are some important differences. These similarities and differences will
be highlighted in the appropriate sections of the text
The objective of this paper is to summarize reported information on the
mechanism and kinetics of the free radical initiated mineralization process
for the three main classes of advanced photooxidation reactions; viz. (a) UV
and HjOj, (b) UV and Qj and (c) UV, HQz and Cfe. Pertinent scaleup
parameters, design aspects and economic considerations of commercial
reactors will also be discussed.
2.0 ADVANCED PHOTOOXIDATION WITH UV AND HjOj

A summary of information available on the three routes of the minerali
zation process is discussed below:
2.1 Photolysis of the Organic Molecule

When the wavelength of UV radiation matches with the absorption band
of an organic molecule, an initial transient higher energy state, called singlet
/48/, is formed (Figure 1). The singlet may either undergo homotytic fission
to produce a free radical or by internal rearrangement transform into a lower
energy, but longer lived excited state, called triplet. The triplet participates
in a series of photochemically promoted electron transfer reactions
producing daughter anions (e.g. Superoxide ion O£), free radicals and
various oxygenated intermediates. The 02' may get partly protonated in
water to form perhydroxyl radical (OOH°), which reacts further with 02' to
produce HjQz /37A The oxygenated intermediates undergo a series of
complex chain reactions with the reactive free radicals /46/ and given
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Formation of reactive intermediates by photolysis of organic
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sufficient reaction time, are ultimately mineralized in the reaction medium.
The essential precondition for photolysis is that the organic molecule
must absorb radiation strongly in the spectral band of emission of the UV
lamp /35/. The extent of photolysis (ξ,,) of an organic molecule by UV
radiation can be expressed as

(D
where Ιχ is the rate of UV absorption by the organic molecule and φχ is the
quantum yield of photolysis at an irradiation wavelength λ. In an advanced
photooxidation reaction, parent organic molecule, oxidants and the daughter
products compete for the incident UV photons. The rate of photolysis of an
organic molecule in the presence of (Nl) substrates which absorb UV
radiation as well can be expressed as /48/

dCj
dt

N

= Io4>ifi lexrJ2.3L5>jCj

where f ; =

(2)

j=i

(3)
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incident radiation flux (einstein/l.s)
quantum yield (mol/photon)
molar extinction coefficient (1/mol.cm)
aqueous concentration (mol/1)
fraction of incident radiation absorbed by ith species

The molar extinction coefficient (EJ) is a measure of number of photons
absorbed at a wavelength λ, while quantum yield, φι, is a measure of the
number of absorbed photons responsible for photolysis of the organic
molecule. For photolysis to contribute significantly to the overall oxidative
degradation kinetics, high molar extinction coefficient and high quantum
yield are necessary. Polyaromatic compounds (e.g. trinitrotoluene) have high
molar extinction coefficients but low quantum yields in the UV range /19/.
As a result, in advanced photooxidation of polyaromatic compounds, photo
lysis contributes minimally to the overall degradation kinetics.
2.2 Direct Oxidation by Η2Οζ

H2O2 is a strong oxidant and its oxidation potential is pH dependent
(1.80 V and 0.87 V at pH 0 and 14 respectively) /49/. H202 is used commer
cially for oxidation of a variety of organic compounds, although chlorinated
alkanes, carboxylic acids and polynuclear aromatic hydrocarbons are
refractory to oxidation by Η2θ2 /3,12/.
Originally nascent oxygen liberated on decomposition of H2O2 was
considered responsible for its oxidizing action. Later, it has been established
/49/ that perhydroxyl anion (Η2Οζ * Η1" + OOOH) is the active species
responsible for the oxidizing property of HfeCfe (Figure 2). The perhydroxyl
anion (OOH) may react with the organic substrate to form an adduct which
may undergo internal rearrangement to lose an anion or promote migration
of an alkyl radical with lone pair electrons to form an oxygenated
intermediate (e.g. reaction between a ketone and H2O2 by BayerVillager
reaction to form an ester /SO/). These oxygenated intermediates are more
refractory to oxidation by H2O2 than their parent molecules and as a result
require a longer reaction period for mineralization.
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oxidation of dilute aqueous solutions of organic waste compounds
may result in lowering of initial concentration of the pollutant, but substan
tial reaction of COD requires high dosage of H2O2 and extended contact
time /4,49/. H2O2 oxidation kinetics is pH dependent Reaction between
dimethylsulfide and Η2θ2 /51/ follows a first order kinetics with respect to
both the substrate and oxidant. The activation energies for acidic and neutral
solutions are 11.4 and 3.4 kcal/mol respectively, indicating a shift in
reaction mechanism with a change in pH of the reaction medium.
2.3. Synergism Between UV and H2O2
The combined effects of photolysis of the organic molecule and direct
oxidation by H2O2 in an aqueous solution cannot explain the enhanced
kinetics observed in an advanced photooxidation reaction using UV and
H2O2 1251. The 254 nm line of low pressure UV lamps fall in the absorption
band of H2O2 /8/ and the primary quantum yield is high (~ 0.5 mol/photon).
Photolysis of H2O2 produces two hydroxyl radicals (H^ > 2 OH°; Figure
2). The OH° is a highly reactive and powerful oxidant (oxidation potential
2.8 V), a more potent oxidant than its parent molecule (H2O2) and an
excellent chain initiator /52,53/.
In a UV/H^ advanced photooxidation process, the synergism between
UV and H^ is caused by creation of the OH° 1191, which becomes the
primary oxidant initiating a cascade of oxidative chain reactions leading to

HDD"

·

υν irrodiat|on

HUD + DH 4 DH <* 
(Hydroxyl radical)

OH

H2D2

H D + D2

Fig, 2:
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Reactive free radicals formed by photolysis of hydrogen peroxide.
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ultimate mineralization of the organic molecule (Figure 3) 730,41/. A
portion of the OH° formed in the reaction medium may recombine to
produce HjOj. Conclusive evidence of formation of OH° in an advanced
photooxidation process /8/ or in nonirradiation oxidative degradative
processes (such as Fenton's reaction or reaction between titanous oxide and
Η2θ2> 749,547 are well established.
The OH° radical formed by photolysis of H2O2 is capable of initiating
a series of oxidative cha'n reactions principally by two mechanistic routes:
(a) abstraction of a labile hydrogen atom from a CH bond (with saturated
aliphatic compounds or alkylsubstituents attached to an aromatic ring and
(b) addition reaction with unsaturated aliphatic or aromatic bonds (ring
addition) 735,46,557. These two mechanistic routes of oxidation by the OH°
merit further discussions.
Chain Initiation by Abstraction of Labile Hydrogen Atoms by Oif

The initial step in the OH° radical initiated oxidation process is
abstraction of a labile hydrogen atom from the CH bond of an aliphatic
molecule or the side chain alkyl radical attached to an aromatic ring,
forming an alkyl free radical. The alkyl radical subsequently reacts with
dissolved oxygen to form a peroxoalkyl free radical (Figure 3), which may
either react with other radicals present in the reaction medium or may
undergo internal rearrangement to form higher oxidation products 7457. The
process of formation of free radicals followed by fragmentation and
oxidation of the parent and daughter molecules continues until refractory
carboxylic acids are formed 7197. Low concentrations of methanol and
isopropanol (35 ppm) could be successfully mineralized with a radiation
intensity of 10 kW/m2 and an H2O2 concentration 1.2 times the stochio
metric requirement 756,867. The hydrogen abstraction initiated minerali
zation process of methanol is shown in Figure 4 7577. This mechanistic route
of mineralization is supported by the fact that formic acid was isolated as the
final product in advanced photooxidation of ethylene glycol 7587.
The electron withdrawing effect of the carbonyl group in carboxylic acids
inhibits further hydrogen abstraction from the molecule. As a result most
8
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photooxidation reactions produce carboxylic acids as the final product when
the reaction becomes extremely slow. Acetic and propionic acids required IS
hours of advanced photooxidation with a 60W UV lamp for 97.3%
degradation 1591. The presence of halogen atoms in the molecule also
inhibits hydrogen abstraction mechanism due to the I effect of halogen
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atoms. Chlorinated alkanes, e.g. chloroform, yield HC1 on mineralization
(Figure 5) /35Λ The formation of refractory carboxylic acids and/or
hydrogen halide (for halogenated organic compounds) accounts for a sharp
decrease in pH of the reaction medium observed by various investigators
during the advanced photooxidation process. Hydrogen bonding of the
parent organic molecule in an aqueous medium may also reduce the availa
bility of labile hydrogen atoms for abstraction. As a result, molecules
susceptible to hydrogen bonding (e.g. methanol, maleic acid) require an
extended reaction period for complete mineralization by the advanced
photooxidation process 1561.
Q

Cl

Cl
ClC=D+HCl + DH

CD., + HCl

Fig. 5:

Hydrogen abstraction initiated mineralization of chloroform by
hydroxyl radical

Chain Initiation by Addition of Off
Unlike saturated aliphatic compounds, unsaturated aliphatic compounds
undergo mineralization preferentially by an initial addition of OH° radicals
to the unsaturated bonds forming new reactive free radicals which subse
quently undergo addition and displacement of molecular oxygen through
bimolecular rearrangements. Figure 6 shows the mechanistic routes of OH°
addition initiated mineralization of perchloroethylene /60Λ
Single nucleus aromatic compounds undergo competing reactions
between hydrogen abstraction and OH° addition to the aromatic ring. Ring
addition of OH° radical results in initial hydroxylation of the benzene ring
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followed by subsequent oxidation of the aromatic OH° group to form
quinone 1191. OH° radical initiated abstraction of H atom from an aromatic
ring results in ring opening followed by production of mono and dihydric
alcohols and higher oxidation products, such as aldehydes, ketones and
finally refractory carboxylic acids.
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Hydroxyl radical addition initiated mineralization of perchloro
ethylene

That aromatic rings are mineralized by these two simultaneous routes
has been confirmed by isolation of hydroxylated benzenes (phenol, catechol,
resordnol, hydroquinone) and aliphatic acids (muconic, maleic and oxalic
acids) during advanced photooxidation of benzene (Figure 7) 1611. Alkyl
substituted aromatic rings, such as toluene, xylene, ethylbenzene etc. pre
dominantly undergo H abstraction from the alkyl groups rather than ring
addition due to higher stability of the initial benzyl radical (PhCH2°) /SO/.
Electron donating substituents (such as hydroxyl or alkyl radicals) increase
the susceptibility while electron withdrawing groups (such as halogen atoms
or nitro groups) decrease the susceptibility of the aromatic rings to attack by
theOH0.
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Hydroxyl radical initiated mineralization of benzene

Chlorinated phenols undergo both OH° radical initiated displacement
reaction, where the halogen atom is removed from the aromatic ring, and
OH° radical initiated addition reaction, which results in hydroxylation of the
benzene ring. As a result, both chlorinated and dechlorinated catechols and
hydnxniinones are formed as intermediates during advanced photooxidation
of chlorinated phenols /6264A On prolonged treatment, higher oxidation
products, such as benzaldehyde and quinones, are formed and ring opening
results in formation of refractory carboxylic acids as the final product
During advanced photooxidation of 2,4 dinitrotoluene (DMT) /19/ by a
450 W medium pressure UV lamp and H2O2 for about 3090 minutes, a
range of intermediate products were isolated /49/, confirming the parallel
mechanistic routes of mineralization (Figure 8). The CH3 group on the ring
undergoes initial H abstraction to yield 2,4 dinitrobenzyl alcohol which on
further oxidation yields aldehyde and carboxylic acid, i.e., 2,4
dinitrobenzaldehyde and 2,4dinitrobenzoic acid. The dinitrobenzoic acid,
due to the presence of two strong electron withdrawing N 2 groups on the
12
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nog, readily undergoes decarboxylation to yield 1,3 dinitrobenzene. Subse
quently, the aromatic ring undergoes OH° addition reaction to form 2,4
dinitrophenol or a displacement reaction whereby an NOz group is
displaced from the ring to produce mnitrophenol. The mono and di nitro
phenols undergo ring cleavage to produce dicarboxylic acids which are
refractory to further oxidation, but on prolonged treatment with UV and
H2O2, are mineralized to CCfe and H2O. A similarity in product pattern was
observed 1191 between advanced photooxidation of DNT for about 210
minutes and direct oxidation by HjOj for about 7 days suggesting that in
addition to the perhydroxyl anion, OH° radical may also be the active species
responsible for direct oxidation by H2O2.
2.4. Kinetics

A number of investigations 77,16,19,22,34,36,39,40,57,807 have been
carried out with model organic compounds (aliphatic alcohols, ketones,
chlorinated solvents, benzene and benzene derivatives, phenols, alkyl and
chloro substituted phenols), contaminated groundwater and industrial waste
water. A summary of the experimental conditions and results has been
published recently 7497.
An analysis of experimental data suggests that the rate of photooxidation
reaction is generally pseudofirst order with respect to substrate
concentration, increases linearly with UV intensity and between 0.51.0
order with respect to H2O2 concentration, at low H2C>2 concentration. If the
Η2Οζ concentration exceeds a critical value, which varies with the nature of
the substrate (e.g. SmM for TCE), the rate reaches a maximum and then
becomes independent of HA concentration. The reason is unclear, but may
be due to the fact that at high H2O2 concentration, incident UV photons
become rate limiting.
A large excess of HA may even adversely affect the oxidation kinetics
probably because OH° reacts with H2C>2 to produce perhydroxyl radical
(HOO°)(OH° HHzOz » HOO° + H2O; OH° + HOO' » HOO° + OH).
HOO° being a weaker oxidant than either OH° or H2O2, a large excess of
13
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Mechanism of UV/HzCb oxidation of 2,4dinitrotoluene /49/.
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reduces the synergism between UV and Η2θ2· Temperature has a
positive effect on the oxidation kinetics in the acidic range 7367, but a
minimal effect in the higher range of pH.
A study with halogen substituted alkanes and alkenes 7367 indicated that
the rate of oxidation increases in the following order: CO« (carbon tetra
chloride) < C2H2CLi (tetrachloroethane) < C2H2Br2 (ethylene bromide) <
C2HtCl2 (dichloroethane) < CHC13 (chloroform) < C2CU (perchloroethylene)
< C2 HCb (trichloroethylene). CCU is refractory to advanced photooxidation
due to absence of labile Η atom to initiate the Ηabstraction reaction.
Chlorinated alkenes are more readily oxidized than corresponding alkanes
probably due to resonance stability of the intermediate free radicals formed
by addition of the OH°. Chlorinated alkanes or alkenes are more difficult to
degrade than unhalogenated alkanes due to the —I effect of the Cl atoms.
These observations have been confirmed by a number of investigators /7,16,
17,35,36,80,827. The resonance stability of the intermediate free radical
created by the attack of QH° on isophorone, an αβ unsaturated ketone, is
responsible for its near complete mineralization from an initial
concentration of SO ppm to SO ppb in less than 1 hour of reaction time 7687.
Aromatic rings with high electron density, such as phenol, dimethyl
aminomethyl substituted phenols, could be successfully mineralized by
advanced photooxidation with UV/HAi 7627. In contrast, electron deficient
rings, such as chlorinated benzenes 7887, and phthalates required more
severe reaction conditions or extended reaction time for comparable
destruction 738,82,837. The firstorder rate constants for aliphatic com
pounds are in the range 0.0010.01 min"1 while those for substituted or
unsubstituted aromatic compounds are in the range 0.040.1 min'1 738,897.
Interestingly, the position of the substituent on the aromatic ring also affects
the reaction rate significantly, e.g. mchlorophenol is significantly more
resistant to UV/HjCfe oxidation than ochlorophenol 7837. Because of their
complex aromatic structure, pesticides cannot be satisfactorily degraded by
the UV/H202 synergistic combination 7807.
The addition of trace quantities of salts of iron or other transition metals
(PhotoFenton reaction) as catalysts is reported to enhance the advanced
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photooxidation kinetics significantly. The PhotoFenton reaction involves
numerous competing reactions and is poorly understood /81,897. If CCV
and/or HCOs", called radical scavengers, are present in the reaction medium,
they rapidly consume Off /84,85/ and effectively inhibit the oxidation
kinetics. Typical reaction rates between OH° radical and common organic
pollutants are of the order of 109 NT's'1 while the reaction rates between the
scavenging ions and OH° are of the order of 107  10s NT's'1.
For advanced photooxidation of phenol, catechol, 4cblorophenol and
TCE with UV and Η2Οζ , a power law kinetics of the following form has
been observed /80Λ
rate = k JTOq1*"
rate = k [TOC]1>15; at large excess of IfeQz

(4)
(5)

The values of the rate constants and exponents depend on the reactivities
and initial concentrations of the substrates. Since one HaQj molecule yields
two OH° radicals on photolysis, the proportionality of the observed oxidation
rate to nearly square root of H^ concentration suggests that OH° radical is
the prime oxidant responsible for mineralization in a UV/H2O2 photo
oxidation process.
An empirical rate expression for destruction of TCE (mol/l.min) was
suggested by Weir and Sundstrom /?/ for advanced photooxidation of TCE
I|,[H202][TCE] 1exp
rate= 

(6)

[A[TCE]o+B[H202]]
il

For TCE, i = 1 and for HzCfe, i = 2. 10 is the incident UV light intensity
(mW/cm2), Oj is the absorption coefficient of ith compound (1/mol.cm), Q is
the concentration of the ith compound (mol/1) and 1 is the effective path
length for UV absorption (cm). In deriving this kinetic expression, the rate
16
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of photolytic degradation of TCE was assumed negligible. Equation (6)
successfully predicts fust order dependence of the rate on TCE
concentration, UV light intensity and H2O2 concentration at low Η2Οζ.
Equation (6) also predicts that the rate is independent of H2O2 concentration
as H2O2 concentration exceeds the critical value (3 mM). These model
predictions are consistent with the experimental data collected by the
investigators/?/.
Reaction rate data on advanced photooxidation of Attrazke, a pesticide,
with UV and HgOz could be successfully modeled by a second order kinetics
1251; rate = 1.8 χ ΙΟ10 [attrazine] [OH0].
Kinetic data on advanced photooxidation of carbofuran, an insecticide,
were correlated /71/ by assuming that the overall degradation kinetics results
from two independent mechanistic routes  direct photolysis of the
carbofuran molecule and the reaction between carbofuran and the radical
intermediates. For polyaromatic compounds, because of the complexity of
simultaneous OH° radical initiated addition reaction and ring cleavage,
simplified mechanistic models, as shown in Figure 3, are not applicable 1901.
Flash photolysis techniques applied to advanced photooxidation of
chlorophenol /81/ with UV/HA indicated that as the H^ to substrate ratio
increases, the mechanism of degradation changes from direct photolysis of
the substrate, where pbenzoquinone is the major product, to OH° initiated
oxidation reaction, where hydroxylated phenols are the major products. For
chlorinated phenols (o, mchloro and 2,4,6 trichlorophenol), at low HaQz
concentration (1:1 mol ratio), the reaction rate was found to be second order
with respect to the oxidant /83/.
Malaiyandi 1221 treated tap water and distilled water with TOC contents
of 46 ppm and 3500 ppm respectively with a 450 W medium pressure lamp
when a 88% reduction in TOC could be achieved in about 4 hours. The
photooxidation efficiency for tap water was found to be higher than that for
distilled water, possibly due to higher initial TOC content of tap water /80/.
Consistent with the findings of other investigators, it was found that H2Oa
concentration in excess of 1% (v/v) did not appreciably increase the
effectiveness of TOC oxidation kinetics.
17
Brought to you by | Purdue University Libraries
Authenticated
Download Date | 6/8/15 11:59 PM

Vol. 14, No. 1, 1998

Mechanisms for Advanced Photooxidation
of Aqueous Organic Waste Compounds

In almost all the studies reported in the literature, a sharp drop in pH
was observed in the initial few minutes of reaction 719,38,39,487 and
remained constant at a steady low pH value (between 3 and 5, depending on
the reactivity of the substrate) for the remainder of the reaction period. The
reason for this observation is not well understood and is yet to be established
experimentally. Rapid formation of acidic oxygenated intermediates as
higher oxidation products and/or inorganic acids (for halogenated organics)
are probably responsible for the sharp decrease in pH during the initial
stages of the advanced photooxidation reactions.
3.0 ADVANCED PHOTOOXIDATION WITH UV/Oj

Like advanced photooxidation with UV/H202, there are three principal
steps in advanced photooxidation with UV.Oa: (a) photolysis of the organic
molecule, (b) direct oxidation of the organic molecule by Os and finally (c)
reactions of free radicals formed by photolysis of substrate and Oj molecules.
These reactive free radicals initiate a complex network of oxidation
reactions leading to ultimate mineralization of the organic molecule.
Photolysis of the organic molecule, which was discussed under UV/H2O2
(Section 2.1), plays a minor role in the UV/O3 advanced photooxidation
process 7437. The other two reaction pathways are discussed below.
3.1. Direct Oxidation by O3

Ozone can successfully destroy a variety of organic compounds and
effectively reduce the TOC, COD and BOD contents of industrial
wastewater 79,46,911077. Successful mineralization of several pesticides,
mecoprop, MCPA, 2,4D, 2,4,5T and MCPB, have been reported in the
literature 797. Comprehensive reviews on ozone oxidation have been
published in the past 71077.
Ozone oxidation proceeds through successive stages resulting in the
formation of smaller and smaller molecules until refractory carboxylic acids
are formed when the rate of oxidation is substantially reduced or essentially
18
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terminated /47.118/. Aliphatic double bonds react with ozone via a
stereospecific cis addition reaction to form a molozonide /SO/ which may
then rearrange internally to form an ozonide or may dimerize to form a
diperoxide via a 13 dipolar cycloaddition reaction. The ozonide is
susceptible to further oxidation by hydrogen peroxide which may form
during ozonation reaction producing aldehydes, ketones and finally
carboxylic acids.
Chlorinated molecules on ozonation yield Cl". Alkanes react more slowly
with ozone than alkenes. Os can successfully rupture the aromatic rings to
form carboxylic acids as final products. The mechanism of ozone oxidation
is pH dependent 1961. At low pH (< 9), there is a direct electrophilic reaction
between ozone and the organic substrate. At pH > 9, there is an initial for
mation of reactive free radicals which are responsible for subsequent
oxidation of the organic substrate (Figure 9).
03 is a strong but relatively selective oxidant, while OH° radical is a
stronger but nonselective oxidant 1991. A comparison of the relative rate
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constants for reaction between Os and OH° for different classes of organic
compounds is shown in Table 2 76,357. At neutral pH, both direct oxidation
and free radical oxidation may contribute significantly at comparable rates.
Higher pH oxidation, though it enhances the oxidation kinetics, requires the
addition of chemicals to the reaction medium.
Although Os is a strong oxidant, the ozonation reaction is kineticalry
controlled /44,457. The rate of ozonation reaction increases with an increase
in pH and Os partial pressure. Depending on pH, temperature has minimal
effect on the ozonation kinetics, possibly due to decrease in Oj solubility. At
low pH, the rate of ozonation is first order with respect to both substrate and
dissolved ozone concentration. Aromatic substituents, which enhance
electron density in the aromatic ring, make the compound more reactive to
ozonation reaction. Both resonance and steric hindrance effects of substi
tuents on the aromatic ring may substantially influence the ozonation
kinetics 799A

Table 2
Reaction rate constants <
of organic compounds 76,35,1317
k(l/mol.s)

Compounds
03

OH°

Alkanes

ΙΟ'

ιο'ιο9

Olefins

1450 χ 103
2

10910U
10" 109

Alcohols
Caiboxylic adds
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NOrganics
SOrganics
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3.2 Synergism between UV and O3
A number of investigations on advanced photooxidation with UV/Oj on
model organic molecules have been reported in the recent past 7915,18,20,
21,23,26,27,32,33,35,1091227. Besides photolysis of the organic molecule
and direct oxidation by Qj, reactive free radicals (e.g. OH° ), which are
formed due to photolysis of Os, are primarily responsible for the enhanced
oxidation. The mechanisms of OH° formation by photolysis of Os and Η2Οζ
are different.
Photolysis of Oj produces a singlet atomic oxygen which subsequently
reacts with a water molecule to form the QH° (Figure 9). In contrast, photo
lysis of H2O2 produces OH° radical in a single step. However, the rate of
formation of OH° by HjCfe is slower compared to that by Os due to lower
molar extinction coefficient of ΗΛ in the spectral band of emission of low
pressure UV lamps.
Volatilization of the organic compound, especially for VOC pollutants,
may also play an important role 7457. The relative contributions of
photolysis, ozonolysis, radical initiated chain reaction and volatilization to
the overall oxidation kinetics depend on UV radiation wavelength, radiation
intensity inside the reactor, Os dosage, reactivity, extent of dissociation in an
aqueous solution and physical properties of the substrate and finally
operating conditions, such as pH and temperature of the reaction medium,
Figure 10 71,267 shows the mechanism of advanced photooxidation with
UV/Os. HbQz is produced from photolysis of dissolved Q, (reaction 1). The
perhydroxyl ion (HOO~) produced by deprotonation of HA reacts with Os
to produce ozonide. In steps 2 and 3, OH° radical is produced directly from
Oj and Η2θ2. In step 4, the organic molecule reacts with dissolved 02 to
form peroxoalkyl free radical which may then produce Superoxide ((V) in
step 5 or HjQz by step 7. The cyclic pathway is completed by reaction
between Superoxide ion and Oj to produce ozonide. The ozonide and H2O2
react further to produce more OH° radicals. Therefore, in UVTOj synergistic
combination, OH° radical is produced by multiple reaction pathways.
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 Τ Ί h'„

Fig. 10: Reaction cycles in photolytic ozonation. Numbered reactions are
explained in text Source: G.R. Peyton and William H. Glaze,
"Destruction of pollutants in water with izone in combination
with UV radiation, 3. Protolysis of aqueous ozone", Environ. Sei.
Technol., 22,761767 (1988).

3.3 Kinetics of UV/Oj
Predictive models for UV/Os reactors combining the kinetic and mass
balance equations have been derived by various investigators. A detailed
comparative discussion on these models is available I45/. OH° radical plays
an important role both in direct ozonation (at neutral and high pH) and in
advanced photooxidation with UV/Qj. The OH° radical chemistry and the
mechanistic pathways of chain initiation discussed under UV/HzQz, (i.e.,
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chain initiation by labile Ηatom abstraction, addition to unsaturated double
bonds, ring addition and displacement reactions with halogen or NOj sub
stituents) remain essentially identical for the UV/Qa combination also. The
similarity in reaction chemistry between UV/HjC^ and UV/Os has been
confirmed by isolation of similar intermediate products for different classes
of model organic compounds.
Advanced photooxidation with UV/O3 requires transfer of Os from a gas
phase to an aqueous phase followed by reactions of dissolved Os with the
organic substrate and the free radicals present in the reaction medium. Like
direct ozonation, UV/Oj photooxidation is kinetically controlled and rate of
reaction is approximately two orders of magnitude higher than that observed
for direct ozonation. The UV/Os kinetics cannot be explained by the additive
kinetics of direct ozonation and the oxidative reaction by OH° radical; there
is a synergistic effect The comparative data shown in Table 2 is an indica
tion of the potential of achieving a significant enhancement of oxidation
kinetics if the production of OH° can be maximized by optimal combinations
of UV intensity, OB dosages and careful selection of reaction conditions.
For chlorinated solvents, UV/O3 photooxidation rate coefficients are in
the same order (TOE > PCE > 1,1,1 TCA), as was observed for UV/H2Q2
combination, indicating that OH° radical plays a key role in the mineraliza
tion process by both UVA^Qz and UV/O* For TCE and PCE, the rate
coefficients for UV/Cb reaction with a radiation intensity of 89 W/m2 are
about 30 times larger than those for direct ozonation. The UV/O3
combination has been found to be significantly more effective for destruction
of trihalomethane precursors than ozone alone /I I/. For refractory com
pounds, such as pesticides and chloronitrobenzene, the UV/O3 combination
is more effective than the UV/HjOj combination, possibly due to higher rate
of OH° radical generation by ozone photodecomposition 191. The UV/Oa
combination has also been proved to convert cyanide to cyanate ion effec
tively in about 90 minutes to an undetectable level 11221.
UV/Os photooxidation of pesticides follows a power law kinetics /80/;
rate = k [Oa]i4 [TOC]13 when the UV radiation flux is 1.09 W/m2. At lower
flux, between 0.41.1 W/m2, the pesticide degradation rate can be expressed
23
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as rate = k [Ojl'^fTOC]1 4 [UV flux]1'4. These rate expressions are consistent
with the findings by other investigators where the rate of degradation was
found to be between 11.5 order with respect to the substrate and between
first and second order with respect to dissolved ozone concentration 721,437.
Yue 7457 discussed a comparative evaluation of the rate expressions
derived by various investigators. Most of the correlations proposed are
empirical and the parameters of a power law rate expression are estimated
from experimental data. The rate data for advanced photooxidation of tri
chloroethane and perchloroethylene with UV/Os 71277 could be successfully
correlated by an additive kinetics of the form: rate = 1^0ΑΟ)3 +
k2CAC03 where CA represents the concentrations of the organic compound.
ki and k2 are the rate coefficients in the presence and in the absence of UV
radiation.
A more complicated model on UV/Oj advanced photooxidation of per
chloroethylene 7457 correlates the experimental data by accounting for addi
tive contributions of volatilization, photolysis, and ozonation reaction in the
presence and absence of UV radiation. The overall reaction rate can be
expressed in the following form:

rate = k,[S] + k2r [S]b + k3 [03,l]e[S]d + k4mDn[S]p

(7)

where the first, second, third and fourth terms in Equation (7) account for
contributions by volatilisation photolysis, ozonolysis and advanced
photooxidation by UV/Oj respectively to the overall reaction rate. The
values of the exponents are estimated by regression analysis of the experi
mental data. These models inherently assume simultaneous but independent
contributions of the factors responsible for mineralization or disappearance
of the substrate molecules from the reaction medium. These assumptions
may be simplistic but successfully predict the global kinetics for a wide
range of pollutants commonly found in industrial wastewater. Depending on
the nature of the substrate and reactions conditions, several simplifications
of Equation (7) are also possible. In general it has been observed that
24
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degradation by photolysis of the substrate contributes minimally to the
global kinetics in an UV/Oa advanced photooxidation process.

4.0 ADVANCED PHOTOOXIDATION WITH UV/Oj

In this category of advanced photooxidation, the pollutant molecules in
an aqueous medium are mineralized by UV radiation in the presence of both
oxidants, i.e. H^Oz and Os. The prime routes of the mineralization process
are essentially similar to those discussed under UV/HjC^ andUV/Os (Sec
tions 2 and ): namely, photolysis of the organic substrate, direct oxidation by
both H2O2 and Os and finally enhanced oxidation by reactive free radicals
formed due to photolysis of the organic substrate and the oxidants.
4.1 Direct Oxidation by H2O2 and O3
The oxidation kinetics of ozonation reaction was found to increase sub
stantially by the addition of HjCfe to the reaction medium /1, 12,94, 123,1277.
Mecoprop 191 and 1.4 Dioxane /127/ could be mineralized to readily bio
degradable products by a synergistic combination of the two oxidants H^
and Os, even in the absence of UV radiation. The probable mechanistic
routes of formation of reactive free radicals in the presence of both oxidants
are as follows 191:
HjOz
HOO + Q,
Oj

> tf + HOO
>
HOO° + Qj
>
OH° (See Figure 3)

Addition of HjOz to the reaction medium provides reactive perhydroxyl
anion and the free radicals. However, an excess of HjOz consumes the potent
oxidant free radial, OH? , thereby inhibiting the oxidation kinetics.
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Maximum destruction efficiency of an organic substrate can be achieved
only by using an optimal ratio of the two oxidants (Η2Οζ /Os)«^  a ratio
which should always be determined from benchscale study. Since reactive
free radicals (OH° and HOO°) are formed and primarily responsible for the
mineralization process, direct oxidation by a combination of the two
oxidants HfeCVOa, even in the absence of UV radiation, is grouped in the
category of enhanced oxidation /14/.
4.2 Synergism Between UV and a Combination of O3 and HjOj
Reported benchscale studies under this category of advanced
photooxidation are extremely limited /9,75,110/. However, a number of
commercial reactors successfully use UV radiation and a combination of the
two oxidants for mineralization of a variety of refractory organic pollutants,
including pesticides 743,497. For a 650 gallonperminute wastewater treat
ment system 7667, a combination of UV, Os and H2O2 reduced the effluent
COD by 80% in 20 minutes while for the same wastewater, Oa and HjQz
direct oxidation destroyed 69% and an UV/O3 advanced photooxidation
destroyed only 50% of the initial COD in about 30 minutes 749,667.
The mechanism of advanced photooxidation of organic molecules by
UV/Os and HA is complex and not well established yet. Each of the
multiple pathways of the mineralization process: photolysis, ozonation,
direct oxidation by H2O2 and the radical initiated chain reactions discussed
under UV/H2O2 , UV/Os and a combination of O3 and HjOj, contributes to
the overall degradation kinetics. These mutually dependent and interactive
mechanistic pathways exhibit a distinct synergism as compared to the
oxidation kinetics exhibited by any one of the several individual routes of
mineralization. A detailed mechanistic study or experimental data on the
extent of the contribution made by each individual route of mineralization is
not available.
4.3 Kinetics
The kinetics of advanced photooxidation reaction with O3 and H2O2 in
26

Brought to you by | Purdue University Libraries
Authenticated
Download Date | 6/8/15 11:59 PM

S. Bhattacharjee, Y.T. Shah

Reveiws in Chemical Engineering

the presence of UV radiation depends on the relative concentrations of
dissolved G» and H2O2 in the reaction medium. At low HjOz concentration,
the reaction rate for advanced photooxidation with UV, Os and Η2Οζ is not
faster than the rate for advanced photooxidation with UV/O3. A high
concentration of Η2Οζ reduces the dissolved concentration of Oa and may
inhibit the reaction kinetics. Only at an optimal UV radiation intensity and
OifHiOz ratio, the rate of mineralization is maximum and higher than any
other combination of UV radiation and the oxidants. Bench scale studies on
advanced photooxidation of model compounds with UV, Os and H2O2,
characterization of intermediates or appropriate kinetic model are scarce.

5.0 SCALEUP CONSIDERATIONS

A partial list of reported benchscale studies on advanced photooxidation
processes is shown in Table 3. Published information on photooxidation
reactors is limited to mechanism of reaction, product distribution and a few
predictive kinetic and mass transfer models based on experimental data on
model compounds. Information on scaleup procedures or design of a pilot
or fullscale photooxidation reactor is scarce. The following factors appear to
be important in the scaleup and design of a fullscale reactor:
Substrate reactivity: Unsaturated aliphatic compounds (vinyl chloride,
dichloroethylene, trichloroethylene, perchloroethylene) or single nucleus
aromatic compounds (benzene, toluene, xylene, ethylbenzene, aromatic
alcohols, aldehydes or ketones, etc.) can be mineralized relatively easily
and destruction efficiencies as high as 99%+ can be achieved within a
reasonably short reaction time. Saturated chlorinated hydrocarbons (e.g.,
chloroform, carbon tetrachloride, l,l,l,tirchloroethane or 1,1,2,2,
perchloroethane) are difficult to oxidize and considered refractory for
photooxidation reactors. Rate equations derived based on benchscale
data can be used to estimate residence time in a fullscale photooxidation
reactor. Approximate design hydraulic capacity and reactor volume can
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be estimated assuming pseudofust order kinetics with respect to
substrate concentration.
Tables
Partial list of reported benchscale studies
on advanced photooxidation
•
•
•
•
•
•
•
•
•
•
•

Trihalomethane precursors IIII
catechol, resorcinol, hydroquinone, cresols, xylenols 1991
chlorobenzene 7257
phenol, 4chlorophenol, catechol, pesticides 79,48,807
2,4 dinitrotoluene 7197
o, mchloro and 2,4,6trichlorophenol 7837
pchloronitrobenzene 71327
formic, acetic and pripionic acid 7597
substituted phenols, isophorone 7687
mono, di and trichlorophenols 764/827
TCE, PCE, PCA, DCA, chloroform and carbon tetra
chloride 77,38,397

Oxidant: A benchscale study is always recommended to determine the
optimum dosage of HjC^ and/or Oj in a fullscale photooxidation reactor.
Typical dosage of H2C>2 in a fullscale reactor varies between 2,000 
15,000 mg/1. Typical ozone dosage varies between 5 χ IV*  5 χ ΙΟ'3 Ib.
(Vgallonof water treated. Generally 30% HjOz is used and metered into
the reactor at a dosage determined by the benchscale study. If ozone is
used, it is produced in an onsite generator. The cost of ozone generation
is high and requires efficient transfer of Os to the feed stream or in the
reaction medium. Offgases from an UVTOs reactor contain undissolved
ozone and volatilized hydrocarbons which must be destroyed before the
offgas is vented to the atmosphere. The cost of Haft is lower than that
of Oj, but extra space and safety measures related to storage of HjQz are
28
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required. The use of H2Q2 does not emit offgas, but medium pressure
and higher wattage UV lamps are normally required tor comparable
destruction in an UV/Os reactor.
Catalyst: Commercial vendors use a number of proprietary transition metal
catalysts, primarily salts of iron, to enhance the reaction kinetics in a
photooxidation reactor. These catalysts are claimed to be
environmentally benign and added in trace quantities. Studies indicate
that selected semiconductor materials, such as zinc oxides, have the
potential to enhance the oxidation kinetics in a photooxidation reactor.
UV Radiation: Spectral distribution of light emitted by the UV lamp is
critically important in determining the efficiency of pollutant destruction
in a photooxidation reactor. Selection of a UV lamp of the correct
spectral quality and power is important For compounds which are
refractory to attack by OH° such as carbon tetrachloride,
hexachloroethane or complexed cyanides, photolysis is the prime route of
contaminant destruction. Commercial reactors in general use either low
pressure or medium pressure UV lamps with wide spectral distribution as
their irradiation source. Some vendors claim a crucial advantage with
high efficiency lamps with broad spectrum output and lamps emitting
strongly in the UVC spectral region /35/ where they claim common
pollutants are nighty photoactive. The optimum UV radiation intensity or
dosage (W/l) is determined by a benchscale study and used as such in
fullscale reactors. Typical commercial reactors use 4015,000
watts/lamp and a UV dosage of 5100 W/L Average lamp life varies
between 30008000 hours and replacement cost varies between $50
1,500 per lamp.
pH: A number of studies has confirmed that, during photooxidation
reaction, the pH of the reaction medium decreases continuously and for a
range of common pollutants the highest destruction efficiency can be
achieved by carrying out the reaction at a pH between 3 and 5. Alkaline
29
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pH adversely affects the performance of a UV/EfeQz photooxidation
reactor, possibly due to base catalyzed autodecomposition of H2O2.
Acidic pH helps to prevent precipitation of metals salts on the UV lamps
inside the reactor. The optimum pH for the fester reaction kinetics is
determined from a benchscale study, and continuous pH adjustment of
the reaction medium may be necessary to achieve the highest destruction
efficiency.
Other scaleup factors of importance are initial concentration of the
pollutants, flow rate, effluent discharge standards, total suspended solids,
optical clarity of the feed stream, the presence of free hydrocarbons,
hardness, concentration of iron and manganese and alkalinity of the feed
stream. Higher initial concentration of the pollutants requires larger reactor
volume or longer residence to meet stringent effluent discharge standards. If
free hydrocarbons are present in the feed stream, use of an API separator is
recommended to reduce the concentrations of free hydrocarbons to a level of
less than 10 ppm. Studies 758,67,747 have shown that advanced
photooxidation is less efficient when water being treated is high in
alkalinity. Scavenging ions and interfering compounds, such as carbonates
and bicarbonates, ammonia, iron, manganese, sulfide and humic materials
exert a competing demand and preferentially consume the oxidants.
Dissolved calcium and iron salts present in the feed stream tend to
precipitate on the UV lamps and reduce UV radiation intensity inside the
reactor. Removal of suspended solids and softening for water with high
alkalinity are usually recommended for successful operation of a fullscale
photooxidation reactor.
A number of fullscale photooxidation reactors has been successfully
installed and operated for treatment of groundwater contaminated with
volatile and semivolatile organic compounds and industrial wastewater for
reduction of BOD, COD and TOG and destruction of industry specific
pollutants (Table 4). Typical examples are reduction of TOC in boiler feed
water and destruction of pollutants discharged in effluents from explosives,
leather processing, textile and paper and pulp industries 7497. Advanced
30
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Table 4
Partial list of groundwater and industrial wastewater pollutants
successfully mineralized by the advance photooxidation process
/3,5,1618,25,35,49,57,66,7173,129/
• Phenols

• dioxins

• alkylated phenols
• hydroxyphenols

• PCB

• chlorphenols including penta
chlorophenols

• complexed cyanides
• chlorinated solvents (1,1 DCA,
1,1 DOB, 1,2 DCA, 1,1,1 TCA)

• trinitrotoluene
• nitroglycerine
• petroleum hydrocarbon

• methylene chloride
• 1,1,2,2 PCA
• oil and grease

• benzene and its alkyl and
halogenated derivatives

photooxidation processes are used both for complete treatment and for
pretreatment and polishing steps, in tandem with other treatment
technologies. U.S. EPA evaluation reports on the successful demonstration
of advanced photooxidation technology under the SITE (Superfund
Innovative Technology Evaluation) program are also available /128/.

6.0 COMMERCIAL REACTORS
Modular, sitespecific and trailer mounted commercial photooxidation
reactors are now available for treatment of industrial wastewater and con
taminated groundwater. A flow diagram of a typical commercial reactor
using both H2O2 and Os as oxidants is shown in Figure 11. These reactors
are compact, have few moving parts, require minimum maintenance, may
operate either in continuous or batch mode, are energy efficient, and use UV
lamps of reasonably long life. Some vendors offer options of fully
automated, microprocessor controlled photooxidation reactors.
31
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The feed stream is introduced into the photooxidation reactor either in
batch or continuous mode. Hydrogen peroxide is added as an aqueous
solution either directly into the reactor or premixed with the feed stream
before its entry into the reactor. Ozone is either sparged through diffusers in
the reactor or premixed with the feed stream in a static mixer before entry
into the reactor. For UV/Qs reactors, the treated water enters an air/water
separator and the offgas is passed through an ozone destruction catalyst
before its discharge to the atmosphere. The treated water from the air/water
separator is either discharged directly or optionally treated in a polishing
carbon bed before discharge to the receiving water body. Typical pretreat
ment requirements of the feed stream are prefiltration, removal of iron and
manganese and pH adjustment. Typical post treatment requirements of the
effluent stream are pH adjustment and polishing through activated carbon
beds.
Modem generation commercial photooxidation reactors use synergistic
combinations of both sonochemistry 11291 and photochemistry /130/.
Cavitation occurs when the vapor pressure of liquid media is greater than
the reactor pressure, resulting in formation of energized radicals, including
the OH°, using the energy of imploding bubbles. These commercial reactors
use low pressure mercury discharge lamps, claim complete mineralization of
pollutant molecules, and have lower capital and operational costs than
conventional photooxidation reactors.
7.0 ECONOMIC CONSIDERATIONS

The capital, operational and maintenance costs of a fullscale system
vary widely and depend on the exact configuration of the reactor, nature and
concentration of the pollutants present in the effluent and the degree of
automation desired. The typical cost of a 500 gpm full scale system may vary
between $400,000$900,000. The net present value (NPV) of advanced
photooxidation becomes competitive with other alternative technologies
when the COD in the effluent stream is high, flow rate is small, a«H air
emission regulations are stringent
33
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The capital cost of standard photooxidation reactors is primarily due to
reactor, ozonator (if Os is used), cooling assembly, pretreatment and post
treatment modules, pumps and other ancillary equipment The standard
material of construction of the reactor is SS304/316, but more expensive
materials may be required for corrosive conditions. Operational costs include
the energy requirement for the UV lamps, ozonator if Oa is used, chillier and
pumps, cost of chemicals for pH adjustment, H2O2 and cooling water. A
comparative estimate of the treatment costs in S/1000 gallons for various
treatment processes including the photooxidation processes is given in
Tables.
Tables
Comparison of treatment costs for removal of TCE and PCE
by various treatment processes /!/
Treatment Process

Cost ($71000 gal.)

Air stripping
Air stripping with GAC adsorption

of offgases
Liquid phase GAC adsorption

0.020.10
0.277
0.397
0.300.80
0.020.10
0.200.90
0.094
0.040.18
0.200.25
0.90 1.52

Biological treatment
Packed towers
Carbon adsorption
UV/HjOj
UV/Oj

8.0 CONCLUSION

The mechanistic routes of formation free radical intermediates, product
distributions and kinetics of the three main classes of advanced
photooxidation reactions (viz., UV/H2O2, UV/Oj and UV/HbOa and Os) have
34
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been discussed. Oxidative degradation of waste compounds in aqueous
solutions is caused primarily by the OH° which is formed due to photolysis
of the oxidant molecules. Photolysis of the dissolved organic molecule
contributes minimally to the overall degradation kinetics.
The reactivity of OH° and its role in the mineralization process depend
on the molecular structure of the substrate as well as on the reaction
conditions. A number of empirical rate equations has been derived tor
various categories of advanced photooxidation reactions. Some of these rate
expressions are derived based on a radical initiated chain reactions
mechanism. Others are empirical power law rate expressions where the rate
parameters of the global kinetics are estimated by regression analysis of the
experimental data.
The kinetics of advanced photooxidation reactions have been found to be
directly proportional to the concentration of the substrate and radiation
intensity inside the reactor. For a Wfufh process, the rastest kinetics was
observed when the H2O2 concentration is below a critical value which varies
with the reactivity of the substrate. HjA concentration higher than the
critical value limits the oxidation kinetics and may even adversely affect it
For a UV/Oj process, the OH° chemistry is similar to that in a UV/H^
process. The degradation rate is proportional to the initial concentration of
the substrate, UV radiation intensity, and dissolved ozone concentration in
the reaction medium. A UV/Oj and HjQt combination is superior to all
other forms of enhanced oxidation or advanced photooxidation only if the
radiation intensity and the relative concentrations of the oxidants in the
reaction medium are maintained at optimum levels. Reaction conditions
above or below the critical values reduce and, in some cases, may actually
inhibit the degradation kinetics.
The advanced photooxidation technology has been demonstrated success
fully on a commercial scale for treatment of a variety of industrial effluents
and groundwater containing a range of dissolved pollutants. The scaleup
considerations and the economic aspects of advanced photooxidation
reactors have been discussed in the text
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9.0 RECOMMENDATIONS FOR FUTURE RESEARCH

Although a number of welldesigned benchscale experiments have been
carried out on advanced photooxidation reactions, a considerable knowledge
gap exists in the following areas:
(a) development of rate expressions based on established reaction
mechanisms
(b) quantification of the extent of contributions made by different simul
taneous routes of degradation processes to the overall photooxidation
kinetics
(c) identification and characterization of reaction intermediates
(d) stereospetificity of free radical reaction kinetics
(e) development of appropriate scaleup parameters and optimization
criteria for cost effectiveness and maximum destruction efficiency of
various pollutants.
NOMENCLATURE

Cj
aqueous concentration of the ith compound (mol/1)
f; fraction of incident radiation absorbed by ith species
ID
incident radiation flux (einstein/l.s)
Io
incident UV light intensity (mW/cm)
Ix
rate of UV absorption by the organic molecule
k
Reaction rate constant (1/mol.s)
1
effective path length for UV absorption (cm)
Greek letters
oci
absorption coefficient of ith compound (1/mol.cm)
8j
molar extinction coefficient (1/mol.cm)
φι
quantum yield (mol/photon)
φχ
quantum yield of photolysis at an irradiation wavelength λ
λ
UV radiation wavelength (cm)
ξρ
extent of photolysis of an organic molecule by UV radiation
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