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Abstract

The potential of purifying phenol aqueous solutions (0.0006—-0.0064 M) using ultraviolet (UV) radiation and hydrogen pergQide (H
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®, 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. Increasingahe initial ¢
centration of phenol had as a result lower phenol conversions achieved, whereas the increase in hydrogen peroxide initial concentration enhanc
significantly 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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1. Introduction this method is usually used as a pre-treatment stage before the
biological process.

One of the greatest problems nowadays is the lack of drinking Phenol is one of the most abundant pollutants in industrial
water. Despite the fact that the greatest part of earth is coveraglastewaters and its toxicity makes that compound dangerous for
by water, only a small percentage of this water is appropriate fothe aquatic life. Phenol is also a concern in the biological stage
drinking. According to WHO estimatiorj&], one quarter of the of wastewaters treatment, due to its bio-resistance and toxicity
world’s population lack hygienic drinking water. That problem to microbial population.
combined with health and hygienic problems may pose a threat In the present study, the photochemical oxidation of phenol
to mankind in the near future. It is apparent that the chemicalising UV and hydrogen peroxide in a batch recycle photochemi-
treatment of contaminated drinking water sources and of toxical reactor was investigated as a pre-treatment to biological stage
wastewaters before their discharge into the environment is aéf phenol wastewaters. The effect of the combined use of UV and
great importance. H205, phenol initial concentration and hydrogen peroxide ini-

Among the various ways of water purification, Advancedtial concentration on phenol conversion, COD removal, hydro-
Oxidation Processes (AOPs) can be proved to be very effectivgen peroxide decomposition and pH evolution were examined.
on the elimination of hazardous compounds. The term “AOPsFinally, a kinetic model that is taking into account series—parallel
is used to describe the oxidation mechanism that depends on theactions was applied to the experimental data obtained.
production of very active species like hydroxyl radic2i©K).

Hydrogen peroxide (kD) is a very common source of these 2, Experimental details
radicals by its decomposition after being irradiated with ultra-
violet (UV) light. Due to the high cost of hydrogen peroxide, 2 7. Chemicals and reagents

All reagents (purchased from Fluka) were used as received
* Corresponding author. Tel.: +30 210 772 3224; fax: +30 210 772 3155.  Without further purification. Fresh phenol solutions were used.
E-mail address: kphilip@chemeng.ntua.gr (C.J. Philippopoulos). The initial concentration of each phenol solution was 0.0032 M
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Fig. 2. Photochemical oxidation of phenol using UV and hydrogen peroxide.

| considerable dependence on the existing photo-oxidation system

B to be used (apparatus and conditions). The conversion of phenol

in aqueous solution (0.0032 mott) 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%

Fig. 1. Experimental apparatus: (1) UV lamp, (2) photochemical reactor, (3)after 2 h In contrast, less thar_] 10min were requ_lred for 50%

conversion of phenol and 30 min for total destruction of phenol
by hydrogen peroxide (0.024 M) mediated photo-degradation.

source of hydroxyl radicals. Only deionised water was used. ©Of the compound are key factors to the effectiveness of the
direct photolysis. Benitez et dJl2] and Lipczynska-Kochany

and Bolton[3] achieved high rates of chlorophenols conver-
sions by photolysis, whereas the results obtained by De et al.
The photochemical oxidation of phenol was investigated with4] are in accordance with those obtained in this study. On the
the apparatus shown iRig. 1 This essentially consisted of other hand, De et al. observed higher conversions in the presence
a low-pressure mercury vapor lamp of 18 W, which producedP! hydrogen peroxide only. It is reported that hydrogen perox-
monochromatic ultraviolet light of 253.7 nm. The reactor oper-d€ dissociates in agueous solutions, formingzH@nion 5]
ated in batch recycle mode and was a cylindrical vessel of 20mBnd @ in a chain reaction, which convert substrates to other
effective volume. The total volume of the solution was 200 mL.0Xygenated intermediate compounds. It seems that higher con-
The non-irradiated part of the solution was continuously agitategentrations of hydrogen peroxide have to be used in order to
by a magnetic stirrer. A peristaltic pump was used to re-circulat@chieve higher conversions of phenol in the absence of UV light.
the solution with a rate of 112 mL mirt. A WTW-pH90 pHme- The combination of UV light and a small amount of
ter was used for pH measurements. A sample was withdrawfi202 enhanced strongly the efficiency of phenol destruction.
from the reaction vessel at specific time periods and was anall the first step, hydrogen peroxide absorbs UV light and
ysed. A gas chromatograph (Perkin-Elmer Sigma 3B) equipped€composes to highly reactive hydroxyl radicai©k). Then,
with a flame ionisation detector was used to determine the phen8pdroxyl radicals, which are non-selective powerful oxidants,
concentration. The column used (10% SP-100GP®k) was react with most organic compounds with very high rate constants
: Op-1e1
operated at 176C. Chemical oxygen demand measurementdX ”106‘101. M™"s™7) [6-8]. They can abstract an H-atom
were carried out using the standard dichromate reflux methodf@m many sites of an organic molecule or add to arfo®ond
The concentration of hydrogen peroxide was measured using tif§ 8ccept an electron, producing therefore a wide spectrum of

standard titanate (IV) method. Each experiment lasted 120 miiroducts(9]. Only by using UV light was HO, decomposed
noticeably, as confirmed from its concentration measurements.

feed, (4) pump and (5) magnetic stirrer.

2.2. Experimental procedure and analysis

3. Results and discussion
3.2. The effect of phenol initial concentration
3.1. UV photolysis versus H>O; oxidation versus UV/H>0;
photo-oxidation Phenol degradation was studied for various initial concen-
trations of phenol (0.0006, 0.0032 and 0.0064 M) at a con-
Firstly, the degradation of phenol by UV photolysis;®  stant initial concentration of $0, (0.024 M, =40.0, 7.7, 3.8,
only and with UV/H0, was studied. Although there are a lot of H2Ox/phenol molar ratio). As it is apparent irig. 3, lower
studies related to the comparison between these methods, theonversions were observed with increasing the initial concen-
effect on phenol degradation had to be studied because they sheration of phenol. Less than 16 min were required for 100%
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Fig. 3. The effect of phenol initial concentration on its conversion. Fig. 5. The effect of phenol initial concentration on pH evolution.
phenol destruction when its initial concentration was 0.0006 M, 100 ——
whereas the corresponding time for initial phenol concentra- _ o0 ggggz ::/ .
tion 0.0032 M was 30 min. When phenol initial concentration £ g = 0.00;54 M o
. . . 1724 .
was increased to 0.0064 M, phenol was still detected in the 2 70 [ 0318 M/g=7.7
solution after 120 min. This negative impact of phenol initial g 60
concentration on the phenol decomposition can be associated %; 50
with different reaction pathways due to differeni®/phenol =R
molar ratios. Lipczynska-Kochany and Bolt§8] found that = 0
the distribution of products changed markedly with varying the 20
H>Oz/phenol molar ratio. 10
Consequently, the effect of phenol initial concentration was 0
also studied keeping the samg®p/phenol molar ratig (Fig. 3, 0 15 30 45 60 75 90 105 120 135
curves 0.0032Mj=7.7 and 0.0318 M/=7.7). The adverse time (min)

effect of phenol initial concentration on phenol observed agairtig. 6. The effect of phenol initial concentration on hydrogen peroxide decom-
was due to the fact that the fraction of light absorbed by hydrogeposition.
peroxide decreased with increasing the phenol concentration.
These experimental results confirm previous ones obtained froMm3. The effect of hydrogen peroxide initial concentration
De et al.[4] and Alnaizy and Akgermafi.0].

On the contrary, COD removal seemed to be insensitive The degradation of phenol (0.0032 M) was investigated vary-
to phenol initial concentrationHg. 4), with the exception of  ing the initial concentration of hydrogen peroxide (0.005, 0.024,
0.0006 M, demonstrating the difficulty of the oxidation of the 9,049 and 0.073 M). Asiitis clear Fig. 7, the phenol conversion
intermediate producfd1,12] which contained organic acids as increased with increasing the initial concentration of hydrogen
indicated from the drop of pH values with tinfeig. 5). The con-  peroxide. This is due to the fact that the solution was enriched
version of hydrogen peroxide decreased by increasing the initiglith hydroxyl radicals when the concentration of hydrogen per-
concentration of phenol due to less fraction of light available tayxide was increased. The hydroxyl radical scavenging effect
hydrogen peroxide photolysifig. 6).
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) o . Fig. 7. The effect of hydrogen peroxide initial concentration on phenol conver-
Fig. 4. The effect of phenol initial concentration on COD removal. sion.
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Fig. 8. The effect of hydrogen peroxide initial concentration on COD removal. Fig. 9. The predicted COD/CQvalues vs. the experimental ones.

of hydrogen peroxid@,10,13]was not observed in this study. The so-called generalized kinetic model is represented by the
Higher concentrations of hydrogen peroxide are required for thi§llowing scheme:

phenomenon to be appeared. In such a case, the hydroxyl radical g,

concentration would decrease via the following reaction despit@‘—’

the higher free-radical production rate.

Ko K3
*OH + Hz0; — *O0H + H0 A—B—=CO,

According to Alnaizy and Akgermafil0], HoOz/phenol therBeAls |r)|t|al and unst%ple mterdmedlate organic compounds
molar ratios higher than 300 are required for this effect, a valué’m.l.h Is resistant intermediate product. S
. . e slow change of COD and the presence of organic acids in
higher than the used ones in the present study. On the otherhar%ﬁie solution during the photo-oxidai ke the adop-
the differences in COD removal curves due to different amount . g phofo-oxidation process maxke e adop
of hydrogen peroxide were not so distinct in the first 90 min'ﬁon O.f this model sound. /-.\ssum.mg .ﬁrSt order k|r_1et|cs for each
(Fig. 8) and the reason for that was not the lack of hydrogenreactlon path, the generalized kinetic model is giverl9y:
peroxide. The conversion of hydrogen peroxide was adverselyA + B], K>
affected by the increase in its initial concentration. Moreover,[A +B], [K1+ K2 — K3]
the acidic pH measured in all cases reveals the formation of
o > : [K1— K3]
organic acids as aresult of phenol oxidation. These observations —_
support the view that the intermediate products of phenol photo- [K1+ K2 — K3
oxidation are extremely resistant to hydroxyl radicals’ attackwhere K; are the rate coefficients,time and [A+B] is the
Alnaizy and Akgermarj10] detected maleic, oxalic, fumaric, concentration of the total organic load expressed in terms of
mucanic and formic acid as intermediates or final products oCOD. Assuming initial values ok3, K> and K3, the val-
phenol photo-oxidation in the presence of hydrogen peroxideies of (COD/COIg) were estimated via the above equation.
under all conditions. They also measured very low rates of acidslarquardt—Levenberg method was used for the minimization of
decomposition from carbon dioxide concentration calculationsthe objective function for the residual sum of squares (RSS)
Z ((COD/COD))pred - (COD/CODJ)expe|)2~
3.4. Kinetic model The predicted values of COD/CQare plotted versus the
experimental values irFig. 9. The estimated value oK>
Various models have been proposed for describing the phot¢0.0526 mirt?) is five times the value ok (0.0105 mirr?),
oxidation of various compounds using ultraviolet radiation andvhich indicates that the prevalent reaction pathway is the oxi-
hydrogen peroxide. A simple pseudo-first-order model is ofterflation to intermediate products and not the direct oxidation to
employed to represent the data obtained in the photo-oxidatioparbon dioxide. The value a3 (0.0016 mirr?) is significantly
[13-16] whereas other more complex kinetic schemes have aldower than those ok andK?2, which confirms the resistance of
been proposef#,9,10,17] the organic acids formed to photo-oxidation.
In this study, a model that has commonly been used to rep-
resent the experimental data of the wet oxidation profi8ls 4. Conclusions
was employed to interpret the data obtained in terms of COD.
According to this model, the initial organic compound is partly  In the present work, the photochemical treatment of phenol
directly oxidized to carbon dioxide and water, whereas anothesiqueous solutions using ultraviolet radiation and hydrogen
part of the initial compound and the unstable intermediate prodperoxide was studied. It was shown that although phenol was
ucts are converted to a resistant intermediate product (usualbfficiently eliminated with this process, slow rates of total
an organic acid), which in turn is converted to carbon dioxidemineralization were observed, indicating the resistance of

exp(Kst)

exp[K1 + K2Jt)
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intermediate organic acids formed to the attack of hydroxyl [3] E. Lipczynska-Kochany, J.R. Bolton, Environ. Sci. Technol. 26 (2)
radicals. However, organic acids are readily oxidized in the  (1992) 259.

biological process. The main results of this study are:

[4] AK. De, B. Chaudhuri, S. Bhattacharjee, B.K. Dutta, J. Hazard. Mater.
B64 (1999) 91.
[5] R. Venkatadri, R.W. Peters, Hazard. Waste Hazard. Mater. 10 (1993)

(@) The combination of UV light and hydrogen peroxide 107.

(b)

(©

enhanced considerably the efficiency of phenol destruction[e] A. Safarzadeh-Amiri, Water Res. 35 (2001) 3706.

compared to direct photolysis and oxidation by hydrogen [7] S. Esplugas, J. Gimenez, S. Contreras, E. Pascual, M. Rodriguez, Water
peroxide. Res. 36 (2002) 1034,

. L . . [8] C.-R. Huang, H.-Y. Shu, J. Hazard. Mater. 41 (1995) 47.
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nol concentration. [12] U. Bali, E.C. Catalkaya, F. Sengul, J. Environ. Sci. Health 38 (10) (2003)

In contrast to phenol initial concentration, an increase in 2259.
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