
Journal of Hazardous Materials B134 (2006) 45–59

Review

Photo-degradation of chlorophenols in the aqueous solution
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Abstract

The review presents the chlorophenols photo-degradation kinetics and mechanism in the aquatic environment under UV–vis in the presence
of hydroxyl radicals and singlet oxygen. The influence of experimental parameters e.g. pH, dissociation degree, presence of oxidants in solution,
number and position of Cl atoms on the quantum yield and reaction rate constant of chlorophenols are discussed. Mechanisms of photolysis, reaction
with hydroxyl radicals, singlet oxygen and secondary reactions for mono-, di-, tri-, tetra- and pentachlorophenol are proposed. The pathways for
intermediate reactions e.g. dechlorination, oxidation, dimerization for chlorophenols are also presented.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Chlorophenols (CP) occurs in all components of the natural
environment. They result from a variety of sources: the natu-
ral chlorination of organic material, biodegradation of phyto-
defensive chemicals, or the large-scale disinfection of drink-
ing water [1–6]. Chlorophenols are weakly acidic, so in the
aquatic environment they occur in both dissociated and undis-
sociated forms. The main photochemical processes involv-
ing chlorophenols are: photo-dissociation, photo-isomerization,
photo-substitution, photo-rearrangement, photo-oxidation and
photo-reduction. In general, the photo-degradation of any sub-
stance in the natural environment is a superposition of reactions
of several or all of these types, and its rate and quantum yield
depend on a variety of factors. The maximum absorption level
of the compound, wavelength of radiation, duration of radia-
tion exposure and physical state of the compound undergoing
the transformation process play central roles in determining the
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when the dissolved organic material has absorbed a high propor-
tion of photons and can act as a potential photosensitizer. In the
aquatic environment, singlet oxygen, superoxide ions, hydroper-
oxyl radicals, hydroxyl radicals and peroxy organic radicals may
arise [14–28]. Under these circumstances photo-degradation
processes may include direct photolysis and reactions with of
reactive species. The kinetics and mechanism of these reac-
tions is highly dependent on experimental conditions such as
the wavelength of irradiation, pH of solution, concentration of
dissolved oxygen and the presence of sensitizers. The kinetic
results of chlorophenol transformation upon direct photolysis
and reactions with •OH radicals and singlet oxygen are pre-
sented below.

3.1. Direct photolysis

The law describing light absorption in an aqueous environ-
ment is the Lambert–Beer law for liquid phase, expressed by the
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[

t

k

w
i
w

y

T
Q

C

2
2
3
3
4

4
2
P

erning the mechanisms of reaction during photo-degradation
equire further investigations.

. Quantum yield of the photolysis

The quantum yield of a photochemical reaction depends
n maximum light absorption of compounds undergoing the
rocess, wavelength of the radiation, the properties of the sol-
ent used [7] and the pH [8–10] of the solution. Boule et al.
9] point out the impact of chlorophenol speciation – disso-
iated or undissociated – on the quantum yield for photolysis
f monochlorophenols upon 254 nm irradiation. Various papers
how that photolysis of the anionic forms of these compounds
esults in a higher quantum yield than that of other molecular
orms [10–13]. Some of the results concerning the quantum yield
f photo-degradation of various chlorophenols have been taken
rom the literature and are presented in Table 1.

. Kinetic study

The ability to undergo chemical transformation upon photon
bsorption is an intrinsic molecular property and may drasti-
ally differ among various compounds. Also, in the aquatic
nvironment, the possibility of photo-induced transformation
f the intermediate products of the primary reactions increases
M−1 cm−1] and ci is the concentration [M] of component i.
The absorbance at wavelength λ is the product ελcil.
The rate constant k for direct photolysis is defined by equa-

ion:

= 2, 3φA
AI0εAl (2)

here φd,λ is the quantum yield of the reaction, I0,λ the light
ntensity, εA the molar extinction coefficient of substance S at
avelength λ, and l is the optical path.
The results from Eq. (2) show that the rate of the direct photol-

sis of chlorophenols is proportional to the irradiation intensity.

able 1
uantum yields (φ) for chlorophenols, pH 7

ompounds φ λ (nm) Reference

-Chlorophenol molecular form 0.03 296 [9]
-CP anionic form 0.20 296
-Chlorophenol molecular form 0.09 296 [9]
-CP anionic form 0.13–0.15 296
-Chlorophenol 0.25 296 [9]

0.75 266 [10]
0.44 266 [11]

-Chloro-2-methylophenol 0.66 280 [12]
,4,5-Trichlorophenol 5.9 × 10−2 254 [13]
entachlorophenol 0.06 185–436 [8]
photochemical processes.
Because of the ubiquitous presence of chlorophenols in the

natural environment and their toxic properties, understanding the
kinetics and mechanisms of the process of photo-degradation of
these compounds is critically important. The results of the inves-
tigations concerning this subject are presented below. Despite

equation:

log

(
E0

λ

EI
λ

)
= ελcil (1)

where E0
λ and EI

λ are the light intensities, l the distance in
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In the case of direct photolysis in a thin, near-surface layer
the rate constant (kd) is described by Eq. (3) [13]

kd = 2, 3φd,λ

∫
ελ(λ)I0,λ dλ (3)

where ελ(λ) is the molar extinction coefficient of substance S
at wavelength λ and

∫
ελ(λ)I0,λ dλ is the overlap integral of the

radiation source and the absorption of substance A. In natural
circumstances, dark processes initiated by photon absorption
are insignificant. On the other hand, microbial degradations
(dark processes) of photoproducts of polychlorinated phenols
is rapid [29]. In this case, the dark processes play the main
role.

Chlorophenols strongly absorb radiation wavelengths
between 230 and 300 nm. Various studies show that the rate
of photolysis of chlorophenols depends on the pH of the reac-
tion environment [8,9,26,30,32–35] and on the structure of the
molecule—particularly the positioning of the chlorine atom rel-
ative to the hydroxyl group [13,23,29,30,33,35,37–41].

Because chlorophenols partially dissociate in aqueous solu-
tions, the reaction schemes of photo-transformation are as fol-
low:

CP−k1 hν−→product 1 (4)

CP
k2 hν−→product 2 (5)
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Table 2
Rate constants for direct photolysis of chlorophenols

Compounds Rate constant
reaction (min−1)

pH Comments

2-CP 7.1 × 10−3 3 λ = 254 nm, lamp intensity
60 W m−2 [34]

7.7 × 10−3 5
20 × 10−3 7

101 × 10−3 11

2,4-DCP 3.6 × 10−3 3
4.5 × 10−3 5

28.6 × 10−3 7
126 × 10−3 11

2,4,6-TCP 2.3 × 10−3 3
6.3 × 10−3 5

29.4 × 10−3 7
36.3 × 10−3 11

PCP 0.16 3 Polychromatic radiation in
the range from 185 to
436 nm,
φ × 103 = 200 mol E−1 [8]

0.19 5 φ × 103 = 112 mol E−1 [8]
0.21 7 φ × 103 = 52.5 mol E−1 [8]
0.26 9 φ × 103 = 22 mol E−1 [8]

ysis of ozone, either through the generation of singlet oxygen
atoms which then react with water to generate •OH; (iii) photol-
ysis of Fe3+ or polyoxometallates [42]; (iv) Fenton type reaction
of Fe+2, Cu+1 or Ti+3; (v) radiolysis of water [43]. The hydroxyl
radicals can be also formed by the radiolysis of water in the
presence of N2O (Eq. (9))

N2O + e−
aq → N2 + •OH + OH− (9)

In the case of natural water, present protonic forms of nitrate
and nitrous ions are a sources of hydroxyl radicals [44]. The
organic matter dissolved in aquatic environment, especially
humic acids, absorbed a large portion of photons, and forma-
tion of hydroxyl radicals can also occur. Hydroxyl radicals can
react with organic substances by: electron transfer, H• abstrac-
tion, or •OH addition to an aromatic ring [45,46]. The present
paper discusses results of kinetic investigations of the reac-
tions of chlorophenols with hydroxyl radicals, generated by
adding H2O2 to irradiated aqueous solutions of these compounds
[14,23–26,34,35,40,47–64].

The reaction of chlorophenols and hydroxyl radicals is
described by a second order reaction model [35,56,64] or as
a pseudo-first order reaction [23,40,58].

The rate constant for the reaction of hydroxyl radicals
with 3-chlorophenol (3-CP), determined with pulse radiol-
ysis by Savel’eva et al. [64], at a pH equal to 9, was
k
a
t
r
c
l

nd the general kinetic equation for the photo-degradation reac-
ion has the form:

−d[CP]tot

dt
= k1[CP−] + k2([CP]tot − [CP−]) (6)

r

−d[CP]tot

dt
= k1α[CP]tot + k2(1 − α)[CP]tot (7)

here k1, k2 are the reaction rate constants for dissociated
nd undissociated chlorophenols, respectively, [CP]tot the total
oncentration of chlorophenol, [CP−] the concentration of dis-
ociated molecules and α is the degree of dissociation, defined
s

= 1

1 + 10(pKa−pH) (8)

rom these considerations it may be concluded that the observed
eaction rate is a sum of the reaction rates of the undissociated
nd dissociated forms of the compound. It is also known that
he reactivity of these forms differs considerably. Observational
nalysis has regularly found that dissociated forms are more
eactive than undissociated ones [36]. An increase in the reac-
ion rate constant with increasing pH, was observed by Benitez
t al. [8,36] and Shen et al. [34]. Photolysis rate constants for
hlorophenols determined under some conditions are presented
n Table 2.

.2. Kinetics of reactions with •OH radicals

Hydroxyl radicals can be formed through various chemical
eaction pathways, such as: (i) irradiation of H2O2; (ii) photol-
(OH + CP) = 0.72 × 1010 M−1 s−1. Kochany and Bolton [35],
pplying a technique of spin trapping with detection by elec-
ron paramagnetic resonance (EPR) spectroscopy, examined the
ates of reaction for mono- and dichlorophenols with •OH radi-
als generated by irradiation of H2O2. A 150 W mercury–xenon
amp was used as the light source, while the pH of the solution
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Table 3
Rate constants for the reaction of •OH radicals with chlorophenols using spin
trapping technique with EPR detection, pH = 7 [35]

Compound Rate constant (1010 M(1 s(1)

With a Pyrex filter Without a Pyrex filter

2-CP 1.65 1.69
3-CP 0.86 0.84
4-CP 2.82 2.65
2,4-DCP 3.10 2.95
3,5-DCP 0.78 0.72

was held at 7. To exclude the influence of direct photolysis as
a possible side reaction, they have performed a series experi-
ment using a Pyrex filter, which eliminates light radiation for
λ < 300 nm. Obtained results were analyzed within following
kinetic model:

H2O2
φNa−→2•OH (10)

•OH + DMPO
k2−→DMPO − OH (11)

•OH + S
k3−→products (12)

S
φ′N ′

a−→products (13)

where Na and N ′ are the rate of photon absorption by H2O2 and
substrate (S), φ and φ′ are corresponding quantum yields, k2 the
rate constants of the reaction of •OH with DMPO, k3 the rate
reaction of •OH with chlorophenols.

On applied a steady-state analysis of the above mechanism
they obtained correlation:

R0
0

R0
= 1 + k3[S]0

k2[DMPO]0
(14)

where [S]0 and [DMPO]0 are initial concentration, R0
0/R0 is

the inverse initial rate ratio, R0
0 is the value initial rate of for-

mation of DMPO–OH (R) when [S] = 0. R0 is initial rate of
f
k

s
n
0
f
0
2
b
t
p
t
o
r
t
t
p
s

•OH radicals amounted to 0.91 × 1010 M−1 s−1 for 2-CP and
1.07 × 1010 M−1 s−1 in the case of 4-CP. They showed that the
conversion of monochlorophenols also increased with increas-
ing of the initial concentrations of H2O2. On the other hand, it
was observed that the conversion of substrate depended on the
initial concentration of chlorophenols. The rate of degradation
increase almost linearly with the increase of initial concentration
of substrate. The values of the reaction rate constants suggest that
the reaction rate is controlled by diffusion [55,59].

Antonaraki et al. [23], Apak and Hügul [24], Hugül et al.
[58] and Shen et al. [34] obtained another kinetic model for
this reaction. At relatively high ratios of oxidant-to-CP, these
authors used the pseudo-first order to describe the reaction
of chlorophenols with •OH radicals. The investigations found
that H2O2 concentration influenced the rate of photo-oxidation
for some chlorophenols at wavelengths 240–570 nm (exhibit-
ing the maximum quantum efficiency at 250 nm) [58]. Due to
the range of radiation wavelengths used, both direct photolysis
and hydroxyl radical reactions occur within the reaction system.
The chlorophenol/H2O2 mole ratios were 1:1, 1:4, and 1:8. They
observed that the reaction rate constant decreased when ratios
were 1: 4 and 1: 8 for the examined compounds, in the following
order: 2,4,6-TCP > 2,4-DCP > 2-CP. The rate constants for the
1:4 chlorophenol to H2O2 ratio was 4.86 × 104 s−1 for 2,4,6-
TCP, 4.56 × 104 s−1 for 2,4-DCP and 3.10 × 104 s−1 in the case
of 2-CP. A similar correlation between reaction rate constants
a
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ormation of DMPO–OH. For all calculation, they assumed that
2 = 4.3 × 109 M−1 s−1.

The results obtained (Table 3) show that rate con-
tants for the reaction of •OH radicals with monochlorophe-
ols {k3(OH+CP)} and 2,4-DCP and 3,5-DCP range from
.78 × 1010 M−1 s−1 for 3,5-DCP to 3.10 × 1010 M−1 s−1

or 2,4-CP with the use of a filter and range from
.72 × 1010 M−1 s−1 for 3,5-DCP to 2.95 × 1010 M−1 s−1 for
,4-CP without the use of a filter. Considering the few differences
etween reaction rate constants of chlorophenols under condi-
ions with and without filters, the authors saw little influence of
hotolysis on the rate constant of this reaction. It was also found,
hat the reactivity of this reaction decreases in the following
rder: 4-CP > 2-CP > 3-CP, and 2,4-DCP demonstrated higher
eactivity in comparison with 3,5-DCP. It was also observed that
he alkalinity of the reaction environment caused an increase in
he reaction rate constant. De et al. [56] investigating UV/H2O2
hoto-oxidation of 2-CP and 4-CP using a UV dosage of 24 W/L
howed that the reaction rate between monochlorophenols and
nd the number of chlorine atoms in the chlorophenol molecule
as presented by Sundstrom [65]. On the other hand, for 1:1

hlorophenol/oxidant mole ratios rate constants decrease in the
rder: 2,4,6-TCP > 2-CP > 2,4-DCP. These data may suggest that
he reaction is accelerated not only an increase in the number of
hlorine atoms in a molecule, but also by the chlorophenol to
xidant ratio. Investigations by Ghaly et al. [40] under similar
rradiation conditions (200–600 nm) for photo-degradation of 4-
P under UV in the presence of H2O2 show that the addition of
2O2 causes an increase in the degradation rate when the H2O2

oncentration increases over the interval 0.005–0.02 mol/l and
or 0.05 mol/l. However, the effect of hydrogen peroxide was
egative for concentrations higher than 0.02 mol/l, for which
he 4-CP degradation rate was even lower than that obtained
rom the direct photolysis. A strong relationship between pH
nd rate constant was also observed. De et al. [56] presented
imilar results. They found that the initial substrate concentra-
ion, e.g. ortho- and meta-chlorophenols to H2O2 molar ratio
f around 0.02 gave a maximum substrate conversion. Yue and
egrini [66], investigating the 4-CP oxidation by advanced oxi-
ation process using UV/H2O2, postulated that the kinetics of
he photo-oxidation of dissolved organics depends on the initial
oncentration of the parent organic compounds. Reaction rate
onstants for photo-oxidation reactions of some chlorophenols
re presented in Table 4.

Antonaraki et al. [23] investigated the photo-oxidation
f chlorophenols in the presence of H2O2 using irradiation
ith λ > 320 nm (the conditions of the experiments pre-

luded direct photolysis), a concentration of H2O2 at 30%
v/v), an initial concentration of substrate of 1 × 10−3 M
nd pH 1. They observed that rates of decomposition
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Table 4
The pseudo-first order rate constants (k) of chlorophenol with hydroxyl radicals

Compounds k Unit Comments

2-CP 0.0341 min−1 λ = 254 nm, pH 7 [33]
2-CP 1.86 s−1 λ = 250 nm, CP/H2O2 mole ratio 1:1 [58]
2-CP 3.10 s−1 λ = 250 nm, CP/H2O2 mole ratio 1:4 [58]
4-CP 0.15 min−1 λ = 200–600 nm [40]
2,4-DCP 0.0792 min−1 λ = 254 nm, pH 7 [33]
2,4-DCP 1.62 s−1 λ = 250 nm, CP/H2O2 mole ratio 1:1 [58]
2,4-DCP 4.56 s−1 λ = 250 nm, CP/H2O2 mole ratio 1:4 [58]
2,4,6-TCP 0.0347 min−1 λ = 254 nm, pH 7 [33]
2,4,6-TCP 2.60 s−1 λ = 250 nm, CP/H2O2 mole ratio 1:1 [58]
2,4,6-TCP 4.81 s−1 λ = 250 nm, CP/H2O2 mole ratio 1:4 [58]

of CPs calculated from the first-order reaction model
decrease for monochlorophenols in the order 3-CP > 4-CP >
2-CP, for dichlorophenols: 3,5-DCP > 2,5-DCP > 3,4-DCP >
2,3-DCP > 2,4-DCP > 2,6-DCP and for trichlorophenols:
3,4,5-TCP > 2,3,5-TCP > 2,4,5-TCP > 2,3,6-TCP > 2,3,4-TCP >
2,4,6-TCP.

In the presence of UV radiation, hydrogen peroxide photo-
dissociates to form •OH free radicals, which attack the benzene
ring and undergo very rapid and effective substitution reactions
to form oxygenated intermediates.

3.3. Reactions with singlet oxygen

Singlet oxygen (1O2) is the first excited state of molecu-
lar oxygen. As a moderately reactive electrophile, it oxidizes
numerous electron-rich organic substances. The method most
frequently used for producing singlet oxygen in the laboratory is
photo-sensitization. Eosin [67], rose bengal [20], methylene blue
[68] metallophthalocyanine [69] are usually used as a photo-
sensitizers. Both continuous irradiation and pulsed excitation
studies have made much use of this method of singlet oxygen
generation. Singlet oxygen can be directly generated by absorp-
tion of the output at 1065 nm of a pulsed Nd-glass laser by oxy-
gen dissolvent under pressure in 1,1,2-trichlorotrifluoroethan
[70]. Singlet oxygen in natural waters can be produce in oxic
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The reaction of a compound (S) with 1O2 follows the scheme:

1O2 + S
k1 hν−→3O2 + S∗ (15)

or

1O2 + S
k2 hν−→products (16)

where k1 is the rate constant of a second-order reaction of phys-
ical quenching of 1O2 by the substance under investigation, k2
the rate constant of a second-order reaction between 1O2 and
the substance under investigation.

When chlorophenols dissociate in water, a full description
of the kinetics of photo-oxidation, similar to that of previously
discussed reactions, should take into account forms of occur-
rence of the compound in an aqueous environment. Thus, the
rate constant k2 of the reaction is the sum of the rate constants
of the reactions of both forms of the compound, the molecular
and the dissociated

k2 = (1 − α)kCP + αkCP− (17)

But simultaneously, assuming a pseudo-first order model of
the reaction, we get the equation

d[CP]

dt
= kobs[CP] (18)
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queous solutions of an appropriate sensitizer that absorbs light
nd transfers the energy to dissolved triplet oxygen. The dis-
olved organic matter is a primary sensitizer responsible for
inglet oxygen formation.

Reactions of phenols with singlet oxygen are well known,
ut most of the research concerns mechanisms and kinetics of
eactions of singlet oxygen with phenols in non-aqueous solu-
ions, and therefore cannot be used to predict these reactions in
he aqueous environment. It is supposed that 1O2 interacts with
rganic substances forming endoperoxides and, via a mecha-
ism resulting in one- or two-electron transfer, a superoxide
adical or hydrogen peroxide, respectively, is formed. It has been
hown that the reaction of 1O2 with phenol derivatives proceeds
ainly according to mechanisms of physical quenching or elec-

ron transfer [20,67]. Quenching of 1O2 by water is a first-order
eaction, quenching by a probe substance is a second-order reac-
ion.
here

obs = k2[1O2] (19)

For various chlorophenols, Tratnyek and Holgnĕ [20] deter-
ined the rate constants for reactions of singlet oxygen with

issociated and undissociated forms of these compounds at
avelengths above 520 nm. Rose bengal was used as a sensitizer

or formation of 1O2. Their results show significant differences
n the rates of the discussed reactions. Undissociated molecules
eact more slowly with singlet oxygen (Table 5). The stabil-
ty of the transition states of phenol or phenolate and singlet
xygen determines the rate of photo-oxidation. The electronic
nteraction takes place between the calculated lowest unoccu-
ied molecular orbital (LUMO) of singlet oxygen, located at
0.98 eV, and the calculated highest occupied molecular orbital

HOMO) of phenolate at −2.69 eV and of phenol located at
9.81 eV. An increase in the difference between the energy of

he LUMO of singlet oxygen and the energy of the HOMO of the
rganic substrate results in weaker electronic interaction. Gerdes
t al. [71] explains how in this way phenol is less reactive than

able 5
ate constants for the reaction singlet oxygen with chlorophenols (λ > 520 nm)

20]

ompounds pKa kCP (M−1 s−1) kCP− (M−1 s−1)

-CP 8.55 9.2 ± 9.4 × 106 1.92 ± 0.1 × 108

-CP 9.12 5.4 ± 1.0 × 106 1.60 ± 0.02 × 108

-CP 9.41 6.0 ± 3.6 × 106 1.93 ± 0.04 × 108

,4-DCP 7.89 5.1 ± 4.7 × 106 1.70 ± 0.03 × 108

,4,6-TCP 6.23 1.7 ± 0.7 × 107 1.67 ± 0.07 × 108

CP 4.70 0.2 ± 5.5 × 106 9.36 ± 0.36 × 107
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phenolate during this process. The rate of reaction is also affected
by substitution of a chlorine atom in the molecule. Tratnyek and
Holgnĕ [20] have also shown that the reaction rate constants of
the dissociated chlorophenols decrease in the following order:
4-CP > 2-CP > 2,4-DCP > 3-CP > 2,4,6-TCP > PCP, and those of
the undissociated chlorophenols in the order: 2-CP > 4-CP > 3-
CP > 2,4-DCP > 2,4,6-TCP > PCP. Ozoemena and Kuznetsova
[69] studied photosensitised transformations of polychlorophe-
nols at wavelengths above 600 nm, finding that the contribution
of the type II (singlet oxygen-mediated) mechanism to the rela-
tive efficiency of the photosensitised photo-oxidation of phenol,
decreased from phenol to 4-CP, TCP and PCP, whereas, the type
I (photo-induced electron transfer process to give the primary
radicals) increased. The results obtained for PCP show that the
electron transfer from the excited sensitizer to the substrate in
its unionised form is responsible for enhanced sensitizer photo-
degradation.

In summary, the cited papers indicate that combinations
of hydrogen peroxide and UV irradiation increase the photo-
degradation rate of chlorophenols when compared with UV
irradiation alone. In the case of UV/H2O2, the initial ratio of
chlorophenols to oxidant is important. Independently of the
reaction conditions e.g. the presence of hydrogen peroxide or
singlet oxygen in solution [20,34], the rate of photo-degradation
of chlorophenols is higher in alkaline solution [23,50]. This
is due to higher concentrations of more reactivity, dissociated
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3.4.1. Direct photolysis
Boule et al. [9] found that during direct photolysis the

dechlorination rate of 4-CP and 2-CP is faster than 3-CP. Kuo
[76] observed that the reaction rate for direct photolysis upon
irradiation at λ < 300 nm decreases in the order: 2,4-CP > 4-
CP > 2-CP. Shen et al. [34] on the basis of results obtained
under similar conditions, found rate constants during direct
photolysis decrease in the order: 2,4-CP > 2-CP > 2,4,6-TCP.
These results indicated that the para- and ortho-positions are
more active in direct photolysis. The increased occurrence
of para-position in comparison with ortho-position in this
reaction is explained by the intermolecular hydrogen bonding
between the ortho-positioned Cl atom and a hydrogen from
the hydroxyl group. In the case of ortho-substituted chlorophe-
nols, hydrogen bonds may be formed internally between Cl
and OH as well as externally between molecules of chlorophe-
nol and water. Bazyl et al. [73], Akai et al. [77], Ahn et
al. [78,79] and Feng [80] described the molecular struc-
tures of phenol chloroderivatives and their complexes with
water.

The citied paper indicated that the structure of compounds,
especially of a position of the chlorine atom relative to the
hydroxyl group, determines the reactivity of chlorophenol in
direct photolysis. The chlorine atom is photo-reactive more in
ortho- and para-position than in meta-position.
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orms. Reactions rate depend on the number and position of chlo-
ine atom in the molecule. It was found that the contribution of
he types I or II mechanism in photosensitised photo-oxidation
epended on structure molecule. The role of chlorine atom sub-
titution will be discussed in detail in the next chapter.

.4. The influence of the number and position of Cl atom on
he photo-degradation rates of CPs by direct photolysis,
V/H2O2 and UV/1O2 reactions

The various papers indicated the important of the chlorine
ositions on chlorophenol isomers in the kinetics of chlorophe-
ol photo-degradation [9,13,23–25,33–36,56,58,72–74]. It is
ell known that the OH group is a very strong activator as well as
rtho- and para-directing in electrophilic aromatic substitution.
herefore a direct •OH radical attack on electron rich positions
hould be expected. Halogen substituents are slightly deacti-
ating but are also ortho-, para-directing in this reaction. The
nductive effect of the hydroxyl group, due to the electronegativ-
ty of oxygen, is the withdrawal of electrons. For the nucleophilic
ubstitution the Cl group directs to the para-position in this
eaction. In the case of radical reactions, a nucleophilic rad-
cal will react preferentially at the ortho- and para-positions
f the substituent is �-acceptor, and at the meta if it is a �-
onor. The opposite situation occurs for an electrophilic radical.
assady et al. [75], in their investigations of chlorophenols and
ethylchlorophenols with the use of Fourier transformation ion

yclotron resonance mass spectrometry (FTMS), suggest that
he relative positions of the chloro- and hydroxyl groups may
ave greater effects on photo-dissociation than the methyl group
osition.
.4.2. Reaction with •OH radicals
Antonaraki et al. [23], investigating the effect of the posi-

ion of substitution of the chlorine atom on the reaction rate,
ound that the rate of photo-oxidiation of monochlorophenols
for λ > 320 nm) by the •OH radicals decreases according to the
rder: 3-CP > 4-CP > 2-CP. Some authors [23,72] observed also
hat the presence of two chlorine atoms in the meta-position
n a molecule (3,5-DCP) – if compared to a chlorophenol with
hlorine atoms in two ortho-positions (2,6-DCP) in a molecule
increases the rate of the reaction. A similar phenomenon was

bserved for trichlorophenols. Trichlorophenols with two chlo-
ine atoms in the meta-position reacted faster than trichlorophe-
ols having only one chlorine atom in the meta-position. This
eans that for mono-, di- and trichlorophenols, the initial rate

f the reaction is affected more by the position of the sub-
tituted chlorine atoms than by the number of these atoms in
he molecules. A similar correlation was observed by Tang
nd Huang [81] for the reaction of chlorophenols with H2O2
n the absence of a radiation source. In the case of observed
eactions of •OH radicals with PCP, Mills and Hoffmann [82]
aw that the addition of •OH radicals at the ortho-position
as more favourable than at para-position. It may be con-

luded that the increase in the number of substituted chlorine
toms on the ring blocks favourable positions susceptible to
he hydroxyl attack, what means a decrease in the degrada-
ion rate with an increased number of chlorine atoms in the

olecule.
Another relationship was observed by Shen et.al. [34],

ugül et al. [58], and Moza et al. [72] during the photolysis
f chlorophenols in the presence of H2O2. Shen et al. [34]
nd Hugül et al. [58] conducted their investigations using a
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254 nm wavelength, thus their results concerning the kinet-
ics are the consequence of two reactions: the direct photoly-
sis of chlorophenols and the reactions with the •OH radicals
formed from H2O2. Hugül et al. [58] showed that the rate
constant under these conditions decrease in the order: 2,4,6-
TCP > 2,4-DCP > 2-CP. This correlation was obtained for a
1:1 and 1:8 chlorophenol/H2O2 mole ratio. Moza et al. [72]
showed that TCP photo-degradation is faster than either MCP
or DCP. Moza et al. [72], and Schuler et al. [61,83] observed
also that the ortho- and meta-positions in substituted phe-
nols were more active in reactions with •OH radicals. Such
behaviour was caused by the strong +M effect of the OH-
group. On other hand, Shen et al. [34] for the same compounds
found decreasing rate constants in the order 2,4-DCP > 2,4,6-
TCP > 2-CP for pH = 7, but under other conditions (7 < pH > 7)
the rate constant decreases in the order 2,4-DCP > 2-CP > 2,4,6-
TCP. The presented conflicting orders of photo-degradation
rates may be caused by the irradiation source (mono- or poly-
chromatic), geometric arrangement of irradiation or scavenging
effects.

3.4.3. Reaction with singlet oxygen
Tratnyek and Holgnĕ [20], investigating reactions of

chlorophenols with singlet oxygen using rose bengal as a
sensitizer, observed that the ortho- and meta-positions in
monochlorophenols molecules were more active in reactions
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3.5. Kinetics of secondary reactions

In various papers [8,13,21,23,34,39,82–90], authors exam-
ined the secondary reactions of stable intermediate products
resulting from photo-degradation. It is suggested that few
quinones, being intermediate products of photo-degradation of
chlorophenols, may be water photo-oxidizing agents during
irradiation by the visible or UV light range. The postulated
mechanism involves reaction of the quinone triplet state or the
cation radical with water to produce a hydroxylating interme-
diate [21,73,74]. For example, Rossi et al. [84] studied the UV
photolysis (λ = 254 nm) of chlorohydroquinone and proposed
a mechanism of action involving the formation of two radical
anions or their protonated forms.

3.6. Kinetics of reactions in natural waters

The presented results, cited from literature, mostly repre-
sent the results of laboratory investigations. Nevertheless, the
kinetics of the photo-degradation processes in the aquatic envi-
ronment, under natural circumstances, depend not only on the
concentration of dissolved oxygen, pH of the solution, and
molecule structure, but also on the presence of metal ions or sen-
sitizers such as dissolved organic matter [7,31,63,85,91–109].
The rate constants under such conditions, are the rate constants
observed for reactions including direct photolysis, •OH radical
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ith singlet oxygen, independent of the presence of dissoci-
ted or undissociated forms. They also showed that increasing
he number of chlorine atoms caused a decrease in the rate of
he reactions.

Ozoemena and Kuznetsova [69], studying photosensitiza-
ion transformations of polychlorophenols by radiation above
00 nm, suggested that negative inductive effects (when halogen
ubstitution occurs on an aromatic ring) result in an electron-
ithdrawing effect from the benzene nucleus, deactivating it for

n electrophilic attack by singlet oxygen. This electron with-
rawal decreases the contribution of the type II pathway as the
umber of halogen substitutes increases. However, in the case of
olychlorophenols, the electron-withdrawing effects of chlorine
ubstituents cause a reduction in the electron-donating ability
f the substrate while the electron–acceptor ability is increased
ubstantially.

Generally, cited papers indicate that independent of reaction
ype the number and position of chlorine atoms strongly influ-
nce the kinetic and mechanism of the photo-degradation of
hlorophenols. The position of substituent chlorine atoms in the
olecule is a very important determinant of the reaction kinet-

cs. In the case of direct photolysis, the favourable positions are
ara- and ortho- that are the result of inductive and mesomeric
ffects from OH and Cl groups. When hydroxyl radicals are
enerated upon irradiation the presence of a chlorine atom in
eta-position in monochlorophenols increases the reaction rate
etween CP and •OH. In the case of polychlorophenols addi-
ion of hydroxyl radicals at the ortho-position is more favourable
han at para-position. Such behaviour was caused by the strong
M effect of the OH-group. Additionally for polychlorophenols,

he steric effects are very important.
nd singlet oxygen reactions, and recombination reactions. In
he natural environment, sensitized transformations proceed at
he same time as with direct photolysis under the action of solar
ight [77,110–113]. The active reaction intermediates partici-
ating in the transformation of chlorophenols may be excited
ensitizer molecules or their fragmentation, hydrolysis prod-
cts, the solvated electron and hydroxyl radicals. Additionally,
nder aerobic conditions the products of interaction between
he excited sensitizer molecule, solvated electron and singlet
xygen, or superoxide radical could be involved. The presence
f 1O2 in solar irradiated natural waters was reported in numer-
us papers [12,63,96–98]. The basic photosensitizer responsible
or the presence of this oxygen state in natural waters is dis-
olved organic matter. Consequently, the kinetics of the reaction
s affected by the concentration of •OH radicals [59,63], singlet
xygen [96,97], and photosensitisers, e.g. humics and quenching
ubstances [91,93–107].

Experiments with samples of natural water [92–104] showed
hat phenolic pollutants readily photo-degrade in natural waters,
nd the photo-degradation follows a mechanism different than
n samples lacking humic and fulvic acids and dissolved organic

atter. Vialaton and Richard [103], investigating 4-Cl-2-MP
hoto-degradation of in water by natural summer sunlight,
bserved that the transformation rate of 4-Cl-2-MP was higher
or samples in natural, rather than purified water. Canonica et al.
93–95], showed that phenolic contaminants are easily photo-
egraded in natural waters and they claimed that the reaction
ainly involved excited triplet states of humic and fulvic acids.
hey suggested also that 4-Cl-2-MP was oxidized to a radical
y reacting with an excited triplet state. In natural waters, pho-
osensitized reactions dominate during photo-degradation.
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Mille and Crosby [100], investigating the processes of photo-
degradation using solar light in seawater, revealed that the rate
of reaction is affected by interactions between the substrate and
chlorine ions. Photo-oxidation, photonucleophilic substitution
and photoreduction were all observed. Tetrachloromuconic acid
was identified as an unstable photoproduct of the ring-fission
reaction.

Hwang et al. [98,99] studied sunlight photo-degradation
of chlorophenols in water from a river estuary assuming a
first order reaction model. They showed that the photolysis
rate of chlorophenols with two or three chlorine atoms in a
molecule is higher than those for phenol and monochloro-
phenol.

4. Mechanisms for photo-degradation of chlorophenols
in an aqueous environment

Various papers present the results of investigations aimed
at identifying both stable and intermediate products from the
photo-degradation of chlorophenols. These investigations were
usually conducted with the use of the high performance liquid
chromatography (HPLC), gas chromatography (GC/MS), and
spectroscopy methods: UV–vis, FT-IR, NMR and EPR. Some of
the proposed mechanisms of reaction for selected chlorophenols
are presented below.

4

a
h
d
a
c
T
p
a
l
t
t
f
m
[

4.2. 3-Chlorophenol

For 3-CP, irradiation with UV light, independently of the
form of the compound, leads to the main products—resorcinol
and Cl− ions [9,38,58,100]. Boule et al. [9] explained the mech-
anism of formation of the resorcinol by polarization of the
C Cl bond and heterolytic scission of a molecule of water
with the concerted formation of Cl− and resorcinol. Czaplicka
[74] investigated the photolysis of 3-CP, identified resorcinol
and 3-chloro-1,4-benzenediol in solution irradiated for 2 h at
254 nm.

4.3. 4-Chlorophenol

In a neutral or acid environment, 4-CP does not dissociate.
Svetlichnyi et al. [112], using UV laser excitation, confirmed a
photodissociation of the C Cl bond in 4-CP. Cleavage of the
C Cl bond in 4-CP through predissociation and photodissocia-
tion leads to a triplet state. The photodissociation of the C Cl
bond in the S2(�σ*) state may also result from direct dissociation
if the rate constant for this process is greater than 1011 s(1. A 4-
hydroxyphenyl radical is the resultant product of this reaction.
The authors claim that the increase in the rate of the photo-
chemical reaction, resulting from the presence of a chlorine
atom in the para-position of the phenyl rings, proves that the
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ation
.1. 2-Chlorophenol

The chlorine atom in the ortho-position is strongly electro-
ttractive. Boule et al. [9] proved that an attack of oxygen and
ydroxyl radicals on the ortho-position of 2-chlorophenol irra-
iated with 254 nm light yields unstable 1,2-benzosemiquinone
nd HCl. Next, depending on the form of the compound, pyro-
atechol or cyclopentadienyl carboxy acid are formed (Fig. 1).
he authors indicate that pyrocatechol is a product of the
hoto-degradation of undissociated molecules. They suggest
lso that photo-degradation of the 2-chlorophenol anionic form
eads to cyclopentadienic acid, which dimerizes according to
he Diels–Alder reaction. Presence of the C C O group in
he products of the photo-degradation of 2-CP by UV light
rom a super-pressure mercury lamp in low-temperature argon
atrices was confirmed with the FT-IR method by Akai et al.

77].

Fig. 1. Photo-degrad
rst stage of the 4-CP photoreaction is the C Cl bond cleav-
ge, and subsequently the decomposition of the intermediate
onic or radical forms occurs. The main product of the reaction
s hydroquinone. This hypothesis is in agreement with quan-
um chemistry theory. Some authors [18,111,113,105] propose
he mechanism of 4-CP degradation in an aqueous environment
onsists of carbenes formation, which reacts with oxygen atoms
o yield 1,4-benzoquinone (Fig. 2). Durand et al. [11], inves-
igating the reaction mechanism in water solutions with laser
ash photolysis confirmed that the carbene 4-oxocyclohexa-
,5-dienylidene is formed from 4-CP by the loss of HCl. This
pecies reacts with oxygen to form 1,4-benzoquinone-O-oxide,
hich subsequently yields 1,4-benzoquinone. The carbene also
ndergoes a reaction with water and coupling reactions to
roduce 1,4-hydroquinone and polyhydroxybiphenyls, respec-
ively. Tseng [102] shows that at the first stage of the reaction
he 4-chlorodihydroxycyclohexadienyl radical is formed, which
s subsequently transformed to hydroquinone. For the dissoci-

pathways of 2,4-CP.
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Fig. 2. Mechanisms of the aqueous photoreactions of 4-CP according to Lipczynska-Kochany and Bolton (A) [18], Boule et al. (B) [9] and Grabner et al. [113].

ated form, the main reaction pathway leads to the formation of
2-hydroxy-1,4-benzoquinone.

Some authors [33,56,71,111] also report the formation
of benzoquinone, 2-hydroxy-1,4-benzoquinone, hydroquinone,
dihydroxybiphenylenes, 2,4-dihydroxy-5-chlorobiphenyl, and a
few polihydroxybiphenylenes during photo-oxidation by •OH
radicals and singlet oxygen. Phenol and biphenyldiol were iden-
tified as products of complete dechlorination in reactions with
a UV/H2O2 combination [33]. The presence of biphenyldiol,
identified as 4,4′-dihydroxybiphenyl, was noted only in experi-
ments at a pH equal to 9.5.

4.4. 4-Chloro-2-methylphenol

Photolysis of 4-Cl-2-MP in 280 nm light yields methyl-
para-benzoquinone [12]. Canonica et al. [91–94] suggest that
4-Cl-2-MP in natural water solutions is oxidized to proper rad-
icals in interactions with the excited triplet state. The opening
of the ring occurs via the subsequent addition of a hydroper-
oxyl radical/superoxide anion, rearrangement and formation of
hyperoxide. In natural waters, photosensitised reactions are of
greater importance than direct photolysis.

Jeffrey et al. [114], using electron spin resonance spec-
troscopy coupled with DMPO, showed that UV irradiation of
4-Cl-2-MP yields free radicals. Analysis of the spectra proved
formation of substituted semi-quinone anion radicals, formed by
s
o
s
t

loss. Stabilization of the semiquinone radicals with increasing
alkalinity of the solution was also noted.

4.5. 2,4-Dichlorophenol

Direct photolysis of 2,4-DCP in the aqueous environ-
ment leads to formation of 4-chlorocyclopentadienyl carboxy
acid, chlorohydroquinone or 4-chloro-1,2-benzenediol (Fig. 3)
[67,87,115]. These products were identified using NMR and FT-
IR methods.

Pandiyan et al. [41], investigating the photolysis of 2,4-
DCP using GC/MS, identified monochlorophenol as the main
product. Hirvonen et al. [33] investigating photo-oxidation reac-
tions using UV/H2O2 methods for wavelenght λ = 254, observed
the formation of numerous hydroxylated intermediates such
as: trichlorohydroxybiphenyl, tetrachlorodihydroxybiphenyls,
tetrachlorotrihydroxybiphenyl and dichlorobenzenediols. The
authors suggested that the presence of dichlorobenzenediol in
solution after photo-oxidation is the result of a hydroxyl group
attached to the aromatic ring without dechlorination. The chloro-
hydroxybiphenyls are formed by dimerization of organic radi-
cals or from their reactions with the parent chlorophenols.

4.6. 2,4,6-Trichlorophenol

Two hundred and fifty four nanometers irradiation of
2
m
m
t

ubstituting an OH group for the chlorine atom. In the presence
f oxygen, hydroquinones were oxidized to the corresponding
emiquinone radicals. Indirectly, this gave evidence of the ini-
ial presence of a carbon-centred aryl radical formed by chlorine
,4,6-TCP in aqueous solution leads to dechlorination. The
ain photoproducts were identified as dichlorophenol and
onochlorophenol [41]. Antonaraki et al. [23], showed that in

he configuration UV/H2O2 for λ > 320 nm the main products of
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Fig. 3. Photo-degradation pathway of 2,4-DCP [115].

2,4,6-TCP photo-degradation are: 2,6-dichlorobenzoquinone,
2,6-dichlorohydroquinone, 3,5-dichlorocatechol, dihydrox-
ytrichlorobenzene, trihydroxydichlorobenzene. On the other
hand, photo-oxidation under conditions of 254 nm wavelength
and the presence of H2O2 leads to different products, depending
on pH levels [33]. At a pH of 2.5, the trichlorobenzenediol, tetra-
chlorotrihydroxybiphenyls, tetrachlorotetrahydroxybiphenyls
and compounds probably pentachlorinated phenoxyphenol
with a molecular mass 356, were identified.

4.7. 2,4,5-Trichlorophenol

Skurlatov et al. [13] studying the photo-degradation of 2,4,5-
TCP showed the influence of irradiation on mechanisms of reac-
tion. In the case of photolysis at λ = 254 nm, they identified pri-
mary products such as: organic acid, 2,5-dichlorohydroquinone
and, in trace quantities, 2,4- and 2,5-dichlorophenols. The for-
mation of dichlorobenzoquinone in this reaction was explained
as a result of non-radical oxidation by singlet oxygen with sub-
sequent detachment of the Cl− ion in the four-position, and also
of a reaction via a charge-transfer precursor. The complex pre-
cursor is supposed to interact through a complete one-electron
transfer to yield a superoxide anion radical and a phenoxy radi-
cal or result in an endoperoxide, a back reaction resulting in the
quenching of 1O2, or a combination of these mechanisms.

In comparing the results of experiments in aerobic and anaer-
o
o
p
t
a

cleavage of the C Cl bond with release of a chlorine atom and
free alkylphenoxy radicals takes place. The primary products of
both direct and indirect photolyses show clear electron–donor
properties. On the basis of obtained results the following scheme
of reactions was proposed: (i) hydrolysis accompanied by for-
mation of the Cl− ion and (ii) homolytic C Cl bond cleavage to
form chlorine and carbon-centred phenoxy radicals. Skurlatov
et al. [13] indicated the possibility of formation of polychlo-
rinated dioxins and dibenzofuranes in direct photolysis of
2,4,5-TCP.

4.8. Pentachlorophenol

Some authors show that the direct photolysis of pen-
tachlorophenol in distilled water gives numerous degradation
products such as: tetra-, tri-chlorophenols [78], chlorinated
hydroxybenzenes [13,47] (Fig. 4a and b), 2,3-dichloromaleic
acid [82], dichlorocyclopentenedione, and polychlorinated
dibenzodioxins and furans (Fig. 5). Skurlatov et al. [13] study-
ing the photolysis of PCP by solar irradiation, identified
tetrachloro-, 2,3,5-trichloro-, and 2,4-dichlorohydroquinones
and trace amounts of 4,5-dichloro-4-cyclohexene-1-one, 5-
chloro-4-cyclohexene-1-one, 2,3,5-TCP, 2,3,6-TCP, and 2,5-
DCP in solution following reaction. Hong et al. [88] inves-
tigating the photolytical transformation of PCP in water by
a high-pressure mercury lamp (1.2 and 0.6 kW) observed the
f
p
a
c
p

bic conditions, Skurlatov et al. [13] showed also that oxygen
r its activation products are not involved in direct photolysis of
olychlorophenols. They showed that in near UV light, not only
he occurrence of heterolytic decomposition of the compound,
ccompanied by formation of the Cl− ion, but also homolytic
ormation of terta-, tri- and dichlorophenols as typical reductive-
roducts in the successive dechlorination of these compounds
nd oxidation products such as tetrachlorocatechol and tetra-
hlorohydroquinone. They also identified hexachlorobenzene,
entachlorobenzene and 1,2,4-trihydroxytrichlorobenzene. The
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Fig. 4. (a) Photodechlorination of PCP, (b) formation of hydroxychlorobenzenes during photo-degradation of PCP.

authors showed that the dechlorination of PCP occurred mainly
at the ortho-position under these conditions. Similar conclusions
follow from the work of Mills and Hoffmann [82]. They claim
loss of the chlorine atom in the PCP molecule, under anaero-
bic conditions, is mainly in ortho- and para-positions. On other
hand, Skurlatov et al. [13] suggested that the hydroxyl radicals
generated from the photolysis of PCP in water could attack a
molecule to yield photo-oxidation products such as chlorocate-
chols and chlorohydroquinones. The formation ratio tetrachloro-
catechol to tetrachlorohydroquinone indicates that the addition
of OH radicals at the ortho-position was more favourable than
at para-position. Similar results were obtained by Benitez et al.
[8] during studies of the photo-degradation of PCP by poly-
chromatic light emitting from 185 nm up to 436 nm. Crosby
and Wong [104] proposed the photo-nucleophilic substitution
of hydroxide for chlorine as the first step in PCP decomposition.

During UV irradiation of a PCP solution, Crosby and Wong
[104] identified octachlorodibenzodioxin in the solution after

reaction. From investigations of the pentachlorophenol photol-
ysis in water by 254 nm light [116], it follows that PCDDs
and PCDFs arise in reactions, among which there are only two
toxic congeners. The authors maintain that only hepta- and octa-
chlorinated PCDDs and PCDFs are formed upon UV irradiation.
The process scheme proposed by the authors is shown in Fig. 5.
Formation of dioxins from PCP photo-degradation was also con-
firmed by some authors [13,88,117].

Hirvonen et al. [33] studied the degradation of PCP in aque-
ous solution by the •OH radicals generated by 254 nm photol-
ysis in combination with H2O2. Hydroxylated chlorophenols
e.g. tetrachlorocatechol, tetrachlorohydroquinone and dimeric
intermediates were found as transient intermediates in the degra-
dation.

Terzian et al. [62], investigating interactions of hydroxyl rad-
icals with PCP with pulse radiolysis using optical detection,
revealed that a pentachlorophenoxyl radical can be formed via a
homogenous reaction of the azide radical with pentachlorophe-
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Fig. 5. Photochemical formation of PCDDs and PCDFs during the UV irradiaton
of PCP in water [116].

nolate. The azide radicals react with aromatic substances via
direct electron transfer.

5. Summary

The authors of the works cited prove that for all chlorophe-
nols, the cleavage of the C Cl bond occurs at the first stage of
the reaction, as a result of the heterolytic and/or homolytic scis-
sion. In all cases, the authors concluded that direct photolysis
leads to dechlorination products.

The rate constants of direct photolysis depend on the pH and
degree of dissociation of the compounds. Rate constant increases
result from higher concentration of dissociated forms, which
absorb radiation more strongly than undissociated forms. Reac-
tion rates depend on the number of chlorine atoms in a molecule
and the position of chlorine atom substitution.

In the case of direct photolysis, para- and ortho-positions are
more favourable to the cleavage of the C Cl bond than the meta-
position. The favourable para- and ortho-positions are a result
of the inductive and mesomeric effects of OH and Cl groups.

The papers indicate that in direct photolysis of trichlorophe-
nols and PCP, PCDDs and PCDFs are formed.

The photo-oxidation reaction, independent of •OH radical
generation methods, is much faster than direct photolysis. The
reaction rate constants suggest that the reaction rate is controlled
b •
i
p
w
a
n
i

m
t

photolysis, the position of substitution for the •OH radical is
dependent on the inductive and mesomeric effects of the groups.

Considering the effect of particular factors on the mechanism
and kinetics of the processes, one should note that some of the
proposed mechanisms require further confirmation.

Acknowledgements

The author would like to thank Mr. Tyler Lane of the Harvard
School of Public Health for his editorial comments on this paper.

References

[1] U.G. Alhlborg, T.M. Thunberg, CRC Chlorinated phenols: occurrence,
toxicity, metabolism and environmental impact, Crit. Rev. Toxicol. 7
(1980) 1–10.

[2] J.R. Bolton, S.R. Cater, Homogeneous photo-degradation of pollutants
in contaminated water; an introduction, in: R.G. Zepp, G.R. Helz, D.G.
Crosby (Eds.), Aquatic and surface photochemistry, Lewis Publisher,
Boca Raton, FL, 1994, pp. 467–690.

[3] M. Czaplicka, Sources and transformation of chlorophenols in the nat-
ural environment, Sci. Total Environ. 322 (2004) 21–39.

[4] E.R. Blatchley, Z. Do-Quang, M.L. Janex, J.M. Laine, Process mod-
eling of ultraviolet disinfection, Water Sci. Technol. 38 (1998) 63–69.

[5] F. Hodin, H. Borén, A. Grimvall, Formation of chlorophenols and
related compounds in natural and technical chlorination processes,
y diffusion. In the case of OH radicals, under conditions of
rradiation of wavelengths absorbed by CP, the ortho- and meta-
ositions in substituted phenols were more active in reactions
ith •OH radicals. In reactions of •OH radicals during irradi-

tion with wavelengths, which are not absorbed by chlorophe-
ols, the presence of chlorine atoms in the meta-position leads
ncreases in rate reaction.

The products of photo-oxidations of chlorophenols are
ainly chlorobenzenediols. A direct •OH radical attack on posi-

ions rich in electrons should be expected. Similarly to direct
Water Sci. Technol. 24 (1991) 403–410.
[6] O. Legrini, E. Oliveros, A.M. Braun, Photochemical processes for

water treatment, Chem. Rev. 93 (1993) 671–698.
[7] J.P. Da Silva, L.F. Ferreira, A.M. Da Siva, Aqueous photochemistry of

pesticides triadimenol, Photochem. Photobiol. 154 (2003) 293–298.
[8] F.J. Benitez, J.L. Acero, F.J. Real, J. Garcia, Kinetics of photo-

degradation of pentachlorophenols, Chemosphere 51 (2003) 651–662.
[9] P. Boule, C. Guyon, J. Lemaire, Photochemistry and environment

IV—photochemical behavior of monochlorophenols in dilute aqueous
solution, Chemosphere 11 (1982) 1179–1188.

[10] H.B. Wan, M. Keong, Ch. Yew, Comparative study on the quantum
yields of direct photolysis of organophosphorus pesticides in aqueous
solution, J. Agric. Food Chem. 42 (1994) 2625–2630.

[11] A.-P. Durand, R. Brown, D. Worrall, F. Wilkinson, A nanosecond laser
flash photolysis study of aqueous 4-chlorophenol, J. Photochem. Pho-
tobiol. 96 (1996) 35–43.

[12] D. Vialaton, C. Richard, D. Baglio, A. Paya-Perez, Phototransformation
of 4-chloro-2-methylphenol in water: influence of humic substances on
the reaction, Photochem. Photobiol. A. A119 (1998) 169–174.

[13] Y.I. Skurlatov, L.S. Ernestova, E.V. Vichutinskaya, D.P. Samsonov, I.V.
Semenova, I.Y. Rod’ko, V.O. Shvidky, R.I. Pervunina, T.J. Kemp, Pho-
tochemical transformation of polychlorinated phenols, J. Photochem.
Photobiol. 107 (1997) 207–213.

[14] A.E. Alegria, A. Ferrer, G. Santiago, E. Sepúlveda, W. Flores, Pho-
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