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Photochemical treatment of phenol aqueous solutions using
ultraviolet radiation and hydrogen peroxide
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Abstract

The potential of purifying phenol aqueous solutions (0.0006–0.0064 M) using ultraviolet (UV) radiation and hydrogen peroxide (H2O2;
0.005–0.073 M) was investigated. Although the direct photolysis of phenol and its oxidation by hydrogen peroxide (without ultraviolet light)
were insignificant, the combination of UV and H2O2 was extremely effective on phenol degradation. However, the chemical oxygen demand was
on no occasion entirely eliminated, indicating the resistance of the intermediate products formed to the photo-oxidation. Increasing the initial con-
c on enhanced
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entration of phenol had as a result lower phenol conversions achieved, whereas the increase in hydrogen peroxide initial concentrati
ignificantly the degradation of phenol. In contrast, COD removal was less sensitive to these changes.
2005 Elsevier B.V. All rights reserved.
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. Introduction

One of the greatest problems nowadays is the lack of drinking
ater. Despite the fact that the greatest part of earth is covered
y water, only a small percentage of this water is appropriate for
rinking. According to WHO estimations[1], one quarter of the
orld’s population lack hygienic drinking water. That problem
ombined with health and hygienic problems may pose a threat
o mankind in the near future. It is apparent that the chemical
reatment of contaminated drinking water sources and of toxic
astewaters before their discharge into the environment is of
reat importance.

Among the various ways of water purification, Advanced
xidation Processes (AOPs) can be proved to be very effective
n the elimination of hazardous compounds. The term “AOPs”

s used to describe the oxidation mechanism that depends on the
roduction of very active species like hydroxyl radicals (•OH).
ydrogen peroxide (H2O2) is a very common source of these

adicals by its decomposition after being irradiated with ultra-
iolet (UV) light. Due to the high cost of hydrogen peroxide,

this method is usually used as a pre-treatment stage befo
biological process.

Phenol is one of the most abundant pollutants in indus
wastewaters and its toxicity makes that compound dangero
the aquatic life. Phenol is also a concern in the biological s
of wastewaters treatment, due to its bio-resistance and to
to microbial population.

In the present study, the photochemical oxidation of ph
using UV and hydrogen peroxide in a batch recycle photoch
cal reactor was investigated as a pre-treatment to biological
of phenol wastewaters. The effect of the combined use of UV
H2O2, phenol initial concentration and hydrogen peroxide
tial concentration on phenol conversion, COD removal, hy
gen peroxide decomposition and pH evolution were exam
Finally, a kinetic model that is taking into account series–par
reactions was applied to the experimental data obtained.

2. Experimental details

2.1. Chemicals and reagents
∗ Corresponding author. Tel.: +30 210 772 3224; fax: +30 210 772 3155.
E-mail address: kphilip@chemeng.ntua.gr (C.J. Philippopoulos).

All reagents (purchased from Fluka) were used as received
without further purification. Fresh phenol solutions were used.
The initial concentration of each phenol solution was 0.0032 M
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Fig. 1. Experimental apparatus: (1) UV lamp, (2) photochemical reactor, (3)
feed, (4) pump and (5) magnetic stirrer.

unless otherwise stated. H2O2 solution 28% (w/w) was used as
source of hydroxyl radicals. Only deionised water was used.

2.2. Experimental procedure and analysis

The photochemical oxidation of phenol was investigated with
the apparatus shown inFig. 1. This essentially consisted of
a low-pressure mercury vapor lamp of 18 W, which produced
monochromatic ultraviolet light of 253.7 nm. The reactor oper-
ated in batch recycle mode and was a cylindrical vessel of 20 mL
effective volume. The total volume of the solution was 200 mL.
The non-irradiated part of the solution was continuously agitated
by a magnetic stirrer. A peristaltic pump was used to re-circulate
the solution with a rate of 112 mL min−1. A WTW-pH90 pHme-
ter was used for pH measurements. A sample was withdrawn
from the reaction vessel at specific time periods and was anal-
ysed. A gas chromatograph (Perkin-Elmer Sigma 3B) equipped
with a flame ionisation detector was used to determine the pheno
concentration. The column used (10% SP-1000 + H3PO4) was
operated at 170◦C. Chemical oxygen demand measurements
were carried out using the standard dichromate reflux method
The concentration of hydrogen peroxide was measured using th
standard titanate (IV) method. Each experiment lasted 120 min

3. Results and discussion
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Fig. 2. Photochemical oxidation of phenol using UV and hydrogen peroxide.

considerable dependence on the existing photo-oxidation system
to be used (apparatus and conditions). The conversion of phenol
in aqueous solution (0.0032 mol L−1) versus time is presented
in Fig. 2. The conversion of phenol by direct photolysis or by
hydrogen peroxide (0.024 M, without UV) did not exceed 10%
after 2 h. In contrast, less than 10 min were required for 50%
conversion of phenol and 30 min for total destruction of phenol
by hydrogen peroxide (0.024 M) mediated photo-degradation.

The intensity of the irradiation and the initial concentration
of the compound are key factors to the effectiveness of the
direct photolysis. Benitez et al.[2] and Lipczynska-Kochany
and Bolton[3] achieved high rates of chlorophenols conver-
sions by photolysis, whereas the results obtained by De et al.
[4] are in accordance with those obtained in this study. On the
other hand, De et al. observed higher conversions in the presence
of hydrogen peroxide only. It is reported that hydrogen perox-
ide dissociates in aqueous solutions, forming HO2

− anion[5]
and O2 in a chain reaction, which convert substrates to other
oxygenated intermediate compounds. It seems that higher con-
centrations of hydrogen peroxide have to be used in order to
achieve higher conversions of phenol in the absence of UV light.

The combination of UV light and a small amount of
H2O2 enhanced strongly the efficiency of phenol destruction.
In the first step, hydrogen peroxide absorbs UV light and
decomposes to highly reactive hydroxyl radicals (•OH). Then,
hydroxyl radicals, which are non-selective powerful oxidants,
r tants
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f
o m of
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.1. UV photolysis versus H2O2 oxidation versus UV/H2O2

hoto-oxidation

Firstly, the degradation of phenol by UV photolysis, H2O2
nly and with UV/H2O2 was studied. Although there are a lo
tudies related to the comparison between these methods
ffect on phenol degradation had to be studied because they
l

.
e
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eact with most organic compounds with very high rate cons
K ∼ 106–1010 M−1 s−1) [6–8]. They can abstract an H-ato
rom many sites of an organic molecule or add to any CC bond
r accept an electron, producing therefore a wide spectru
roducts[9]. Only by using UV light was H2O2 decompose
oticeably, as confirmed from its concentration measurem

.2. The effect of phenol initial concentration

Phenol degradation was studied for various initial con
rations of phenol (0.0006, 0.0032 and 0.0064 M) at a
tant initial concentration of H2O2 (0.024 M,ϕ = 40.0, 7.7, 3.8
2O2/phenol molar ratio). As it is apparent inFig. 3, lower
onversions were observed with increasing the initial con
ration of phenol. Less than 16 min were required for 10
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Fig. 3. The effect of phenol initial concentration on its conversion.

phenol destruction when its initial concentration was 0.0006 M,
whereas the corresponding time for initial phenol concentra-
tion 0.0032 M was 30 min. When phenol initial concentration
was increased to 0.0064 M, phenol was still detected in the
solution after 120 min. This negative impact of phenol initial
concentration on the phenol decomposition can be associated
with different reaction pathways due to different H2O2/phenol
molar ratios. Lipczynska-Kochany and Bolton[3] found that
the distribution of products changed markedly with varying the
H2O2/phenol molar ratio.

Consequently, the effect of phenol initial concentration was
also studied keeping the same H2O2/phenol molar ratioϕ (Fig. 3,
curves 0.0032 M/ϕ = 7.7 and 0.0318 M/ϕ = 7.7). The adverse
effect of phenol initial concentration on phenol observed again
was due to the fact that the fraction of light absorbed by hydrogen
peroxide decreased with increasing the phenol concentration.
These experimental results confirm previous ones obtained from
De et al.[4] and Alnaizy and Akgerman[10].

On the contrary, COD removal seemed to be insensitive
to phenol initial concentration (Fig. 4), with the exception of
0.0006 M, demonstrating the difficulty of the oxidation of the
intermediate products[11,12], which contained organic acids as
indicated from the drop of pH values with time (Fig. 5). The con-
version of hydrogen peroxide decreased by increasing the initial
concentration of phenol due to less fraction of light available to
hydrogen peroxide photolysis (Fig. 6).

Fig. 5. The effect of phenol initial concentration on pH evolution.

Fig. 6. The effect of phenol initial concentration on hydrogen peroxide decom-
position.

3.3. The effect of hydrogen peroxide initial concentration

The degradation of phenol (0.0032 M) was investigated vary-
ing the initial concentration of hydrogen peroxide (0.005, 0.024,
0.049 and 0.073 M). As it is clear inFig. 7, the phenol conversion
increased with increasing the initial concentration of hydrogen
peroxide. This is due to the fact that the solution was enriched
with hydroxyl radicals when the concentration of hydrogen per-
oxide was increased. The hydroxyl radical scavenging effect

Fig. 7. The effect of hydrogen peroxide initial concentration on phenol conver-
sion.
Fig. 4. The effect of phenol initial concentration on COD removal.
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Fig. 8. The effect of hydrogen peroxide initial concentration on COD removal.

of hydrogen peroxide[4,10,13]was not observed in this study.
Higher concentrations of hydrogen peroxide are required for this
phenomenon to be appeared. In such a case, the hydroxyl radical
concentration would decrease via the following reaction despite
the higher free-radical production rate.

•OH + H2O2 → •OOH+ H2O

According to Alnaizy and Akgerman[10], H2O2/phenol
molar ratios higher than 300 are required for this effect, a value
higher than the used ones in the present study. On the other hand,
the differences in COD removal curves due to different amounts
of hydrogen peroxide were not so distinct in the first 90 min
(Fig. 8) and the reason for that was not the lack of hydrogen
peroxide. The conversion of hydrogen peroxide was adversely
affected by the increase in its initial concentration. Moreover,
the acidic pH measured in all cases reveals the formation of
organic acids as a result of phenol oxidation. These observations
support the view that the intermediate products of phenol photo-
oxidation are extremely resistant to hydroxyl radicals’ attack.
Alnaizy and Akgerman[10] detected maleic, oxalic, fumaric,
mucanic and formic acid as intermediates or final products of
phenol photo-oxidation in the presence of hydrogen peroxide
under all conditions. They also measured very low rates of acids
decomposition from carbon dioxide concentration calculations.
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Fig. 9. The predicted COD/COD0 values vs. the experimental ones.

The so-called generalized kinetic model is represented by the
following scheme:

A
K1−→CO2

A
K2−→B

K3−→CO2

where A is initial and unstable intermediate organic compounds
and B is resistant intermediate product.

The slow change of COD and the presence of organic acids in
the solution during the photo-oxidation process make the adop-
tion of this model sound. Assuming first order kinetics for each
reaction path, the generalized kinetic model is given by[19]:

[A + B]t
[A + B]0

= K2

[K1 + K2 − K3]
exp(−K3t)

+ [K1 − K3]

[K1 + K2 − K3]
exp(−[K1 + K2]t)

where Ki are the rate coefficients,t time and [A + B] is the
concentration of the total organic load expressed in terms of
COD. Assuming initial values ofK1, K2 and K3, the val-
ues of (COD/COD0) were estimated via the above equation.
Marquardt–Levenberg method was used for the minimization of
the objective function for the residual sum of squares (RSS)=∑

((COD/COD0)pred− (COD/COD0)exper)
2.
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.4. Kinetic model

Various models have been proposed for describing the p
xidation of various compounds using ultraviolet radiation
ydrogen peroxide. A simple pseudo-first-order model is o
mployed to represent the data obtained in the photo-oxid

13–16], whereas other more complex kinetic schemes have
een proposed[4,9,10,17].

In this study, a model that has commonly been used to
esent the experimental data of the wet oxidation process[18]
as employed to interpret the data obtained in terms of C
ccording to this model, the initial organic compound is pa
irectly oxidized to carbon dioxide and water, whereas ano
art of the initial compound and the unstable intermediate p
cts are converted to a resistant intermediate product (us
n organic acid), which in turn is converted to carbon diox
-
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The predicted values of COD/COD0 are plotted versus th
xperimental values inFig. 9. The estimated value ofK2
0.0526 min−1) is five times the value ofK1 (0.0105 min−1),
hich indicates that the prevalent reaction pathway is the
ation to intermediate products and not the direct oxidatio
arbon dioxide. The value ofK3 (0.0016 min−1) is significantly
ower than those ofK1 andK2, which confirms the resistance
he organic acids formed to photo-oxidation.

. Conclusions

In the present work, the photochemical treatment of ph
queous solutions using ultraviolet radiation and hydro
eroxide was studied. It was shown that although pheno
fficiently eliminated with this process, slow rates of t
ineralization were observed, indicating the resistanc
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intermediate organic acids formed to the attack of hydroxyl
radicals. However, organic acids are readily oxidized in the
biological process. The main results of this study are:

(a) The combination of UV light and hydrogen peroxide
enhanced considerably the efficiency of phenol destruction
compared to direct photolysis and oxidation by hydrogen
peroxide.

(b) Increasing the initial concentration of phenol resulted in
a decrease in the obtained phenol conversions. The COD
removal showed less sensitivity to changing the initial phe-
nol concentration.

(c) In contrast to phenol initial concentration, an increase in
hydrogen peroxide initial concentration lead to increased
phenol conversions.
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