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Comparison of methods for the photochemical
degradation of chlorophenols
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Abstract

Mono/polychlorophenols are currently used for a wide range of domestic, agricultural and industrial purposes. The improper disposal
of mono/polychlorophenols in landfills and in low-temperature combustion contributes significantly to environmental contamination.
Generally, chlorinated aromatic phenols are toxic to living organisms. For example, pentachlorophenol can affect sensitive organisms,
even at low concentrations and lead to alterations in ecosystems. The objective of the present study is to investigate dehalogenation and
destruction of halogenated phenols by using photochemical methods. The reactants and products were analyzed by gas chromatography.
Dehalogenation was faster for monohalogenated phenols than poly-substituted phenols. Experimental data demonstrate that the reaction
rate of dehalogenation in the presence of TiO2 is 4-chlorophenol> 2,4,-dichlorophenol> 2,4,6-trichlorophenol. To overcome the low
solubility of higher chlorinated phenols in aqueous systems, the mixture of water/methanol (60:40) was used; however, the methanolic
mixture affects photodegradation rates of the chlorophenols. © 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

Organic pollutants include alkanes, haloalkanes, aliphatic
alcohols, carboxylic acids, alkenes, polymers, surfactants,
herbicides, pesticides and dyes as well as aromatic and
haloaromatics which are commonly present in industrial
wastewater. Monochlorophenols are mainly used as inter-
mediates in dyestuffs and in the manufacture of higher chlo-
rinated phenols; 2,4-dichlorophenol (DCP) is used in larger
volumes in the manufacture of 2,4-dichlorophenoxyacetic
acid. An important isomer in the trichlorophenol series is
2,4,5-trichlorophenol and is used as an intermediate in the
manufacture of the herbicide 2,4,5-trichlorophenoxyacetic
acid. The 2,3,4,6-tetrachlorophenol is available commer-
cially and is used as a preservative. Pentachlorophenol and
its sodium salt are used extensively as antimicrobial agents
and have a broad spectrum of pesticidal efficacy. The im-
proper disposal of mono/polychlorophenols in landfills and
in low-temperature combustion contributes significantly
to environmental contamination. Although the chlorinated
aromatic phenols generally are toxic to living organisms,
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pentachlorophenol is more toxic to plants, animals and
humans [1]. Pentachlorophenol can affect sensitive organ-
isms, even at low concentrations of 0.1–1.0�g/l and lead
to alterations in the ecosystems.

In recent years, advanced oxidation processes (AOP)
emerged as potentially powerful methods for transforming
pollutants into harmless substances [2]. An AOP which has
a considerable success is photolytic oxidation by UV light
combined with strong oxidants such as hydrogen peroxide
and perchlorate [3]. It has been proved that this process
can completely destroy many toxic organic compounds in
wastewater into carbon dioxide [4–6]. The overall process
can be summarized by the following reaction:

Organic pollutants+ O2 → CO2 + H2O + mineral acid

The photochemical treatment of mono/polychlorophenol
is now at commercial stage of development [7]. Generally,
degradation is slower for higher chlorinated phenols, such
as pentachlorophenol, or those with a chlorine atom in the
meta position [8]. There is concern that highly toxic prod-
ucts, such as polychlorinated dibenzo-p-dioxins (PCDDs),
and polychlorinated dibenzofurans (PCDFs) are gener-
ated during the UV treatment of polychlorophenol [9–11].
Earlier studies [11] indicate that PCDDS and PCDFs are
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formed as intermediates when pentachlorophenol is treated
with a low-pressure mercury lamp (6 W emitting at 254 nm).
These compounds are certainly more harmful than pen-
tachlorophenol itself. In order to avoid these potential toxic
intermediates, other studies have proposed the combination
of UV irradiation and oxidizing agents, such as ozone,
H2O2 or photocatalysts, such as TiO2 [12–15].

It has been well demonstrated that when TiO2 is illumi-
nated by light (λ < 380 nm) in presence of water containing
dissolved oxygen and organic compounds, photodegrada-
tion of the organic compounds will occur. The primary step
in the photodegradation is the generation of electrons and
valence band holes within the TiO2 particles.

TiO2 → TiO2(e
− + h+)

In the presence of dissolved oxygen and an electron donor,
OH• radical is formed by the reaction between the valance
band holes (h+) and the TiO2 surface active OH• group or
H2O.

h+ + OH− → OH•

h+ + H2O → OH• + H+

The photogenerated holes and electrons react with sur-
face adsorbed species producing OH• radicals and super-
oxide ions [16]. The hydroxyl radical is a strong oxidizing
agent and highly reactive and is believed to be responsible
for degradation of organic molecules. The objective of the
present study is to investigate dehalogenation and destruc-
tion of halogenated phenols by using photochemical meth-
ods and also to compare the photochemical rate of reactions
of mono/polychlorophenols. To distinguish the role of cat-
alyst and oxidants in the photocatalytic degradation process
in phenolic compounds, three kinds of methods are used:
(1) direct UV irradiation; (2) UV irradiation in presence of
TiO2 and (3) UV light with TiO2 (catalyst) and ClO4− (oxi-
dants). The possibility of increasing the rates of photodegra-
dation of chlorinated hydrocarbons by using UV/TiO2
with inorganic oxidants such as IO4

− and BrO3
− is under

investigation.

2. Materials and methods

2.1. Materials

The following chemicals were used as received:
4-chlorophenol (CP), DCP and 2,4,6-trichlorophenol (TCP)
(Aldrich); titanium dioxide (Prolabo Germany); sodium
perchlorate and methanol (Merck).

2.2. Instruments

The following instruments were used in the experimental
protocol. The schematic experimental details of photocat-
alytic reactor is shown in Fig. 1. A 100 W immersion UV

Fig. 1. Schematic diagram of photochemical experiment: (1) chlorinated
phenolic compounds in quartz beaker; (2) quartz plate; (3) UV lamp in
quartz jacket; (4) water circulation; (5) voltage regulator; (6) chamber.

lamp equipped with a quartz well and voltage regulator
(Ace Glass, USA) was employed for UV degradation. Gas
chromatography (GC-9000, Perkin-Elmer) using a capillary
column and flame ionization detector (FID) was used to
quantify the parent mono/polychlorophenols. UV–VIS spec-
troscopy (Perkin-Elmer, Lambda 2) was used to measure
the absorbance of chlorophenols in presence of perchlorate
ions.

3. Experiments

3.1. UV irradiation of polychlorophenols

To understand the respective importance of oxidant and
photocatalyst, we evaluated three methods to treat the phe-
nolic compounds, represented by the following equations:

Phenolic compounds
UV irradiation→ degraded products(method 1)

Phenolic compound
UV/TiO2→ degraded products(method 2)

Phenolic compounds+ oxidant
UV/TiO2→ degraded products(method 3)

In the first method, the chlorophenolic compounds (20 ml,
1 mM) in methanol/water (40:60) solution were treated with
direct UV irradiation at 25◦C. During the UV irradiation,
chlorophenols were analyzed at 30 m intervals. The solutions
were filtered through a 0.45�m nylon filter unit before GC
analysis. The GC column temperature was 85◦C for CP and
DCP compounds; the column temperature was elevated to
115◦C for TCP to avoid deposition of compound crystals
in the column. Chromatographic analysis was performed in
triplicate.



T. Pandiyan et al. / Journal of Photochemistry and Photobiology A: Chemistry 146 (2002) 149–155 151

Fig. 2. Plot of concentration vs. time for CP during the photochemical irradiations. The rate constants:k = 2.69 × 10−2 for direct UV irradiation;
k = 3.52× 10−2 for UV/TiO2.

In the second method, the solutions were irradiated with
UV light in presence of photocatalyst, TiO2 (4 g/l). The
photocatalyst was added after the measuring the initial
concentration (1.0 mM) of chlorophenols. Other experi-
mental procedures were the same as described in the first
method. Finally, the solutions were treated with UV light
in presence of photocatalyst (TiO2) and also with oxidant
(ClO4

−, 0.03 M). Because perchlorate ions affect the GC
column, UV–VIS spectroscopy was used to quantify the
chlorophenols at 30 m intervals. The pH was measured
before and after UV irradiation.

Fig. 3. Ln(C/C0) vs. time of CP.

4. Results and discussion

4.1. Degradation of polychlorophenols

The experimental data depicted in Fig. 2 indicates that
CP using UV light alone degrades considerably with time.
Though the initial concentration (1.0 × 10−3 M) of CP
was reduced to 3.8 × 10−5 M within 120 min by direct UV
irradiation, the decrease is faster in presence of photocat-
alyst (TiO2). The first-order reaction rate constants (k =
2.69× 10−2 for direct UV irradiation;k = 3.52× 10−2 for
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UV/TiO2) indicate TiO2 accelerates the rate of reaction.
A plot Ln(C/C0) against time of CP is shown in Fig. 3
and indicates that photo-oxidation of CP on TiO2 follows
first-order kinetics. However, in the case of the photocat-
alytic reaction in presence of perchlorate, we did not obtain
expected results. Though the rate of reaction was higher
in the initial 30 min when compared to the non-perchlorate
treatments (Fig. 2), the rate decreased significantly in the re-
maining reaction period (40–240 min). The initial rapid rate
is likely due to adsorption of phenolic compounds which
facilitates degradation. After the 40 min, there is a possibil-
ity of saturation of chlorinated phenol on the catalyst. The
experimental data indicates the TCP reaction is faster than
other compounds (TCP> DCP > CP) in the initial stage
of the reaction. This is likely due to the fact that highly sub-
stituted phenols are strongly adsorbed on the catalyst [17];
specifically, the adsorption of higher chlorinated phenolic
compounds on the surface of catalyst is greater than the
less chlorinated compounds, which accelerates the degra-
dation reaction. However, after the 40 min, saturation of the
adsorption sites occurs on the surface of the catalyst. The
higher deposition of chlorides from chlorinated compounds
(or from the perchlorates) on the surface of TiO2 could
change the pH and hinder further reaction. Previous work by
Lu et al. [18] indicates that at both low and high pH values
photodegradation rates are quite slow. There is also possi-
bility that evolution of O2 molecules from NaClO4 reduces
the rate of reaction. However, it is premature to predict these
behaviors and we need further study on these reactions.

The chromatographic data show that the chlorophenol
peak height decreases during the photochemical reaction
while a new signal was detected at 2.15 min retention
time. This signal grew at the expense of the reduction of
CP peak (Fig. 4) and matches the GC retention time of
phenol. However, earlier studies [19,20] indicate that the
4-chlorodihydroxycyclodienyl radical is first formed, then
converts to hydroquinone. Further investigation to char-
acterize this product using IR spectroscopy indicates the
presence of a C=O group. Further investigation is needed
to determine if this product is hydroquinine or association
of phenolic with hydroquinine. A possible mechanism for
the products by both reductive (Scheme 1) and oxidative
(Scheme 2) pathways are given below.

The pH value of the irradiated solution decreased from 6.5
to 3.35 (direct UV irradiation), 6.5 to 2.70 (UV/TiO2), and
6.5 to 2.55 (UV/TiO2/ClO4). pH is an important parameter
in photodegradation on the surface of TiO2-photocatalyst.
The point of zero charge (PZC) for TiO2 is between pH 5.6
and 6.4 [18,21]. Hence, at more acidic pH values, the cata-
lyst surface is positively charged and will have a significant
effect on the adsorption/desorption properties at the catalyst
surface. At low values photodegradation rates are quite slow.
The best pH value for degradation is near the PZC of TiO2
[18–21].

In the case of DCP, graphical analysis of the photochemi-
cal data (Fig. 5) shows that the initial concentration of DCP

Fig. 4. Gas chromatograms of CP during the UV irradiation in presence
of TiO2.

(1.0 × 10−3 M) was gradually reduced to 2.00 × 10−4 M
in 480 min by using direct UV irradiation. Photocatalytic
degradation of DCP was accelerated in the presence of
TiO2 catalyst as indicated by the first-order rate constants
(k = 2.58×10−3 for direct UV irradiation;k = 3.87×10−3

for UV/TiO2). A plot of Ln(C/C0) against time is shown
in Fig. 6. It is interesting to note that the behavior of the
degradation process in presence of oxidant is the same as
observed in CP. Initially, degradation of the compound is
rapid then steadily declines. The reaction rates (Figs. 5
and 6) in decreasing order are UV/TiO2/ClO4 > UV/TiO2 >

Scheme 1. Electron attachment onto the CP anion and the production of
the phenoxy radical.
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Scheme 2. Reaction between the hydroxyl radical and the CP anion
yielding hydroquinone anion.

Fig. 5. Photochemical irradiation process of DCP with time. The rate constants:k = 2.58×10−3 for direct UV irradiation;k = 3.87×10−3 for UV/TiO2.

Fig. 6. Ln(C/C0) vs. time of DCP.

ClO4 before the 90 min and UV/TiO2 > UV/TiO2/ClO4 >

UV after the 90 min. The decrease in the peak intensities
of DCP was concomitant with a increase in new signals
at RT of 8.9 and 2.15 that corresponds to CP and phenol
standards. This result is similar to that observed for CP.
Earlier reports do not indicate phenol as an intermediate
during the process of dechlorination of chlorinated phenol.
Further investigation is needed to isolate these compounds.

In the case of TCP, the rate constants calculated from the
experimental data are 1.99× 10−3 for direct UV irradiation
and 3.34× 10−3 for UV/TiO2. TCP concentrations versus
time are shown in the Fig. 7 and LnC/C0 values versus time
are presented in Fig. 8. Chromatographic analysis showed
reaction products at RT of 2.30, 2.65 and 4.45 min which
correspond to phenol dichlorophenol and chlorophenol.
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Fig. 7. Concentration against time during the photochemical irradiation of TCP. The rate of reactions arek = 1.99× 10−3 for direct UV irradiation;
k = 3.34× 10−3 for UV/TiO2.

Jardim et al. [22] studied the photodegradation of
chlorophenols using aqueous suspension of TiO2 as a cat-
alyst and the observed first-order rate constant wask =
0.0328 min−1 for DCP. However, our experimental results
indicate that corresponding rate constant was reduced to
0.00387 min−1 in the water/methanol mixture used in this
study 10 times. A somewhat higher rate was observed for
TCP (k = 0.0054 min−1) in water system of compound to
the rate observed in methanolic/water system (k = 0.0034).
Adsorption and pH are more important factors in the photo-

Fig. 8. Ln(C/C0) vs. time of TCP.

chemical chlorinated phenol. In addition, the solvents also
have a impact on rate of degradation of chlorophenols. This
is likely fact that a possibility to generate OH• radical in
protic solvent like water is much higher and consequently
increases the rate of the degradation of DCP; further-
more, a higher solubility of dissolved oxygen in water than
methanol/water system also helps the photochemical reac-
tion rate. In the previous study, the amount of chlorophenols
removed due to TiO2 (mmol/g) adsorption were 0.063 (CP);
0.028 (DCP); 0.077 (TCP) was established; indicating that
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the amount of TCP adsorption by TiO2 is largest among
these compounds [23,24]; this is consistent with the higher
rate constant observed for TCP.

5. Conclusions

Photocatalytic oxidation of chlorinated phenols is facil-
itated by presence of catalyst or catalyst combined with
oxidant. The presence of perchlorate as oxygen source,
initially it helps to accelerate the reaction, however, it slow
down the reaction after 40 min, it may be due to higher
deposition of chloride ions or saturation of adsorption of
chlorinated compounds on the surface of TiO2. Depending
upon the degree of dechlorination, the decomposition rate
decreases in the order: CP> DCP> TCP.
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