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A B S T R A C T  

In this study, the catalytic ozonation of pentachlorophenol 
(PCP) in the presence of aluminum oxide (Al2O3) and the 
formation of byproducts during ozonation has been 
studied. Results showed that catalytic ozonation in the 
presence of Al2O3 can substantially enhance PCP 
degradation efficiency compared with the using only 
ozonation process. The influences of several 
environmental parameters including pH of the solution, 
initial PCP concentration, dosage of Al2O3 and dissolved 
ozone concentration were also investigated. The highest 
degradation efficiency of PCP was achieved at conditions: 
pH 8, 1.87 g/LAl2O3, and 0.49 g/L dissolved ozone 
concentration. The catalytic activity of Al2O3 was linked 
to highly hydroxylase surface. The surface hydroxyl 
groups on Al2O3 were the active places during catalytic 
ozonation. According to the drastic changes in the color of 
solution during ozonation this study and results of some 
previous researches, formation of the intermediate 
reaction products during ozonation was verified. Free 
chloride ion released, which was favored at slightly 
alkaline solution, was also followed in catalytic ozonation 
process. 
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Introduction  

Pentachlorophenol (PCP), a highly toxic 

phenolic compound, is a white or brown 

organic solid with needle-like crystals and a 

phenolic odor [1]. The greatest use of PCP is 

as a wood preservative and biocide .PCP is 

one of the pollutants that have been placed on 

the United States ‘Environment Protection 

Agency’s list of priority pollutants and subject 

to a stringent maximum contaminant level 

(MCL) of 0.001 mg L-1 set for drinking water. 

However, it is highly toxic, refractory, and 

hard to remove by conventional treatment 

processes [2,3]. 

Ozone is a powerful oxidant and an effective 

purifier in water and wastewater treatment. 

Especially, ozonation treatment is widely 

applied to mineralize organic pollutants in 

water. However, when ozone is used alone, 

mineralization is not completely effective and 

also, some toxic and resistant byproducts 

(such as ketone, aldehyde, carboxylic acid, 

and bromate) are generated [4–6]. To reduce 

these problems, advanced oxidation 

processes (AOPs) have been developed for 

the degradation of various classes of these 

organic compounds. Removing pollutants by 

AOP method is based on the production of 

free hydroxyl radicals with high oxidation 

potential which oxidize most of the organic 

compounds. Catalytic ozonation process 

(COP) is one of and new AOP method. In this 

process, for increased ozone decomposition a 

catalyst is applied, consequently forming 

highly reactive hydroxyl radicals [7]. In COP,  

variety of catalysts have been applied such as 

activated alumina [8, 9] magnesium oxides 

supported onto alumina [7], natural sand, 

and zeolite [10]. Among these materials, 

aluminum oxide (Al2O3, alumina), activated 

alumina, and metal oxides supported onto 

alumina have been used successfully in 

ozonation. Some catalysts such as Al2O3, 

Fe2O3/Al2O3, CO3O4/Al2O3, and 

TiO2/Al2O3have been used to accelerate the 

decomposition process of phenols, carboxylic 

acids, and phenolic compounds [11–14]. 

Efficiency of a catalyst depends on the 

method of its preparation [13]. According to 

some researches, it should be mentioned that 

the ozonation of PCP causes the production of 

some intermediate compounds, especially 

tetrachloro-p-hydroquinone (TCHQ), 

tetrachloro-p-benzoquinone (TCBQ), and 

tetrachloro catechol (TCCA) [15, 16]. Since 

the reduction of byproducts during any 

treatment process is environmentally 

necessary, World Health Organization has 

established MCLs not only for parent 

compounds but also for their degradation 

byproducts in different steps and forms of 

water treatment [17]. Knowledge on the 

formation of byproducts during ozonation 

would help optimize any post-ozonation unit 

by providing information on the composition 

of degradation products. In this work, PCP 

has been selected as a target compound. The 

main aims of this paper are to investigate the 

catalytic activity of Al2O3 and study of the 

byproduct formation during PCP ozonation. 

 Materials and methods 

 Chemicals 

PCP sodium salt (Na-PCP, >98% purity) and 

Al2O3 was obtained from Sigma Aldrich 

Chemical Company (USA). Also, Al2O3 had a 

particle size of 58 Å,The Brunauer, Emmett, 

and Teller (BET) surface area of 155 m2 g-1. 

Before use, alumina particles were 

thoroughly washed with boiling distilled 

water for 2 h and dried in an oven at 110 C 

for 48h. The stock solution of PCP was 
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prepared by dissolving PCP in NaOH solution 

to accelerate its dissolution. 

Determination of PCP concentration 

Concentration of PCP was analyzed by HPLC 

(Model well chrome, Kenauer, Germany) 

using the Watters-C18 column with the UV 

detector (Model UV-K 2600, Kenauer, 

Germany). The detection was performed at 

254 nm, and the mobile phase was a mixture 

of 60:40 acetonitrile and 1% aqueous acetic 

acid with a 0.5 mL min−1 flow rate. The 

injection volume was 50 cc in all samples. In 

addition, the COD concentrations during the 

reaction were measured with a standard 

potassium dichromate oxidation 

methodology, and the ozone concentration in 

the inlet gas stream was quantified by 

iodometric titration [18]. Chloride (Cl−) ions 

were measured by potentiometer via a 

chloride selective electrode (Metler Toledo). 

 Methods 

In this study, the effectiveness of sole 

ozonation process (SOP) and COP using 

Al2O3 for the removal of PCP from aqueous 

solutions and the intermediate compounds 

produced were evaluated Also, the influence 

of various parameters such as reaction time 

(3–60 min), pH (3, 8, 10) and ozone solution 

dosage (change rate in the range of oxygen 

generators 1–5 mL oxygen min−1) in both 

process and catalyst dose (0.1–1.0 g) in the 

COP process was studied. In order to perform 

tests and determine the optimal conditions, a 

solution of PCP with the defined 

concentration and pH inside the reactor was 

ozonized and sampling was performed at 3 

min intervals to determine optimal time for 

ozonation. This experiment was also 

performed in a SOP reactor. Then, other tests 

were performed to determine other optimal 

parameters (reaction time, catalyst dosage, 

and ozone solution dosage), and COD test was 

also done to determine the rate of PCP 

removal. In this study, ARDA generator (COG-

1A, France) with a capacity of 5 g h−1 was 

used for ozonation of samples. All 

experiments were carried out using several 

conical flasks with a volume of 1000 mL. 

The following equation is used to calculate 

the PCP removal efficiency: 

𝑷𝑪𝑷 𝑹𝒆𝒎𝒐𝒗𝒂𝒍 % =
𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝑷𝑪𝑷 𝒄𝒐𝒏𝒄𝒆𝒏𝒓𝒂𝒕𝒊𝒐𝒏−𝒇𝒊𝒏𝒂𝒍 𝑷𝑪𝑷 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏

𝒊𝒏𝒊𝒕𝒊𝒂𝒍 𝑷𝑪𝑷 𝒄𝒐𝒏𝒄𝒆𝒏𝒕𝒓𝒂𝒕𝒊𝒐𝒏
                         

…… (1) 

Determination of point of zero charge of used 

catalyst 

Point of zero charge (pHpzc) of aluminum 

oxide was determined by conventional 

method. Briefly, initial pH values of 50 mL of 

0.1 M NaCl were adjusted in a pH range of 2 

to 12 using 1 M HCl or NaOH solutions with 

the helpful of pH meter readings. Afterward, 

a 0.5 g of aluminum oxide was added to each 

solution and the obtained suspensions were 

shaken for 48 h. Aluminum oxide was filtered 

and the final pH of the solution was 

measured. The value of pHpzc of aluminum 

oxide was found from the intersection of the 

curve of final vs. initial pH. 

Results and discussion 

The HPLC-UV analysis 

The HPLC-UV chromatograph of PCP before 

and after ozonation process has been 

presented in Fig. 1a and 1b.As shown in Fig. 

1b, after ozonation, in addition to PCP peak, 

other three peaks were detectable before the 

main peak. These three peaks indicate 

intermediate production during ozonation. 

Ozonation of PCP has been studied by 

numerous researchers. Hong and Zeng[19] 
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showed that the TCHQ and TCBQ were the 

most important byproducts. These by 

products were more degraded by ozone into 

ketones and organic acids. Other studies 

showed that TCHQ, TCBQ, and TCCA were 

found as three main intermediate compounds 

during PCP ozonation[16, 20]. The molar 

ratio of ozone to PCP was identified as an 

effective parameter in the degradation 

process [20]. Therefore, according to the 

findings of aforementioned studies, it can be 

concluded that observed secondary peaks in 

this study are related to the intermediate 

byproducts (likely production of TCHQ, 

TCBQ, and TCCA) [16, 20]. 

 

Fig. 1, (a) HPLC–UV chromatogram of PCP 

Before ozonation and (b) HPLC–UV 

chromatogram of PCP and byproducts after 

ozonation [PCP concentration, 200 mg/L, 

reaction time 6 min] 

Effect of solution pH 

In this study, the determined pHpzc value of 

used Al2O3 was 8.6.The effect of initial 

solution pH (3, 8, and 10) was investigated on 

the degradation of PCP in SOP and COP. Fig. 2 

represents the effects of pH on PCP 

degradation in COP and SOP. As can be seen, 

after 15 min and in pH 10, 83 and 100% of 

PCP was removed in SOP and COP, 

respectively. These findings indicate that 

oxidation of PCP in both processes under the 

applied experimental conditions was 

increased by increasing pH and reaction time. 

Also, at different pH points, the PCP removal 

in COP was overall higher than SOP. 

Furthermore, the results confirmed the 

influence of pH on drastic changes in color of 

the PCP solution during ozonation. So, the 

solution color changed from yellow to orange 

at pH 3, to brownish orange at pH of 8, and to 

dark brown at pH of 10. 

In heterogeneous catalytic ozonation, surface 

properties including pHpzc and the density of 

the hydroxyl groups on catalyst’s surface 

have an important function in the ozonation 

process. Surface of metal oxides would 

absorb water molecules due to their 

unsaturated electrons which cause the 

formation of hydroxyl groups on the surface. 

Solution pH is one of the most important 

factors affecting the surface properties of 

metal oxides including Al2O3. The surface 

hydroxyl groups showed different charge 

properties at different solution pH [21, 22]. 

Therefore, pH of solution is one of main 

effective factors in metal oxides such as 

Al2O3 and ozone decomposition. Fei et al. 
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[23] studied the influence of Al2O3 surface 

properties on catalyzed ozonation of 2,4,6-

trichloroanisole (TCA). They found that the 

solution pH was more effective on the rate of 

catalytic ozonation of TCA in the presence of 

Al2O3. As when solution pH is closed to 

pHpzc of the Al2O3, the oxides revealed the 

maximum effect on ozone. Therefore, zero 

charge surface of Al2O3 was more active than 

electropositive or electronegative surface in 

catalytic ozonation of TCA. Hence, based on 

the results of our study, according to the 

pHpzc of alumina (8.6) and due to the 

economic problems caused by the increasing 

pH, the more experiments were carried out at 

pH of 8. Also, the effects of different pH (3, 8, 

and 10) resulted in drastic changes in the 

color of PCP solution during ozonation that is 

consistent with the result of Hong et al. [19]. 

In their study and within the first 7 min of 

ozonation, color of PCP solution was shifted 

from yellow to red due to the production of 

ketones and kinneorganic compounds, and 

then within 45 min, the color intensity of the 

solution was gradually reduced. They also 

assessed the change in color of the solution 

by changes in the optical absorption 

spectrum and indicated that optical spectra 

and changes in its absorption is quite 

different at various pH points during 

ozonation caused by generation of 

byproducts and balance of organic acids at 

different pHs. 

Chloride anion was another experimental 

reaction product. The release of Cl− was 

dissimilar in different pHs (3, 8, and 10). The 

maximum of Cl− concentration was obtained 

at pH 10, which amounted to 66 mg/L after 

complete degradation of PCP (initial 

concentration = 200 mg/L) at 15 minutes of 

ozonationprocess. The results of this 

experiment are depicted in Fig. 3. 

 

Fig. 2 Effect of initial pH on PCP removal from aqueous solutions using SOP and COP treatment 

methods [PCP Concentration 200 mg/L, solution volume 400 mL, catalyst Dosage  0.75 g, dissolved 

ozone emission rate  0.49 mg/min] 
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Fig. 3 Concentrations of chloride that measured throughout ozonation of PCP at different pH 

values[PCP concentration 200 mg/L, catalyst dosage 1.87 g/L, dissolved ozone emission rate 0.49 

mg/min] 

In the SOP, the degradation rate of PCP was 

increased with increasing pH values from 3 to 

8. It can be explained by the information that 

the decomposition of ozone molecules  

increases with increasing pH. However, the 

PCP removal was extremely faster in the COP 

than the SOP, confirming the positive effect of 

combination ozonation and Al2O3to degrade 

toxic compounds such as PCP. 

Also, it was carried out an experiment to 

clarify more the role of Al2O3 in the COP. In 

this experiment aAl2O3 saturated with PCP 

was used as a replacement for a fresh one. 

The PCP removal percentages did not digress 

much from those obtained with the 

freshAl2O3 at the same experimental 

conditions. These findings suggest that the 

catalytic role in the degradation process 

which is the dominant reaction in the COP 

rather than adsorption–oxidation one [24] 

and shows a synergistic effect ofAl2O3 with 

ozonation in the removal of PCP. 

Fig. 4evaluates the removal of PCP in COP, 

SOP, and single Al2O3 (adsorption) systems 

in the same PCP concentration, at pH 8, and 

with 1.87 g L−1 Al2O3 dosage.  

A synergistic effect is detected in combining 

ozonation and Al2O3. For instance, removal 

efficiency in COP process at 6 and 15 min was 

24 and 29% more than sum removal 

efficiencies inAl2O3adsorption system and 

SOP, respectively. 
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Fig. 4.The effect of Synergitic rate of Al2O3 on ozonation process [PCP concentration 200 mg/L, 

catalyst dosage 1.87 g/L, pH 8,dissolved ozone emission rate 0.49 mg/min] 

 

 Effect of Al2O3 dosage 

The removal of PCP was studied for 

ozonation process in the presence of different 

dosages of Al2O3 ranging from 0.05 to 1gram 

in 400 mL of PCP solution. Fig. 5 shows the 

removal of PCP as a role of Al2O3 dosage, 

showing a considerable enhancing effect of 

Al2O3 on the ozonation process. As seen in 

Fig. 5, at reaction time of 30 min, the PCP 

removal increased from 57% in the presence 

of 0.05 g of Al2O3 to 97% in the presence of 

1g (2.5 g/L) of Al2O3. The increase of PCP 

degradation in the catalytic ozonation 

process was caused by an increase in ozone 

decomposition which occurred in the surface 

of Al2O3 leading to increased density of free 

hydroxyl radicals on the surface of alumina. 

These findings are commensurate with Qi et 

al. [23] who showed that in catalytic 

ozonation process by solid metal oxides, 

surface hydroxyl groups are the active sites 

for the catalytic reactions. The surface charge 

position of surface hydroxyl groups 

determinates the catalytic activity in the 

catalytic ozonation. Therefore, by increasing 

solid metal oxide dosage, the density of 

surface free hydroxyl radical will be 

increased. Thus, in COP, the increase of solid 

metal oxide dosage equal with increase of 

density of surface free hydroxyl radical 

causes high degradation of PCP. 
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Fig. 5Effect of alumina dosage on PCP s from aqueous solutions in the COP [PCP 

Concentration 200 mg/L, solution volume 400 mL, pH 8, dissolved ozone dosage 0.49 

mg/min, reaction time 30 min] 

COD and PCP removal using COP process 

with the pH 

The removal of COD in COP from a 

wastewater was evaluated at optimum pH 

and Al2O3conditions to determine the 

effectiveness of the process for degradation 

of the organic intermediates of the reaction. 

According to Fig. 7, the removal efficiency of 

COD in COP was 55% within the first 15 min 

which increased to 81% after 30 min. The 

COD removal was slightly slower than PCP 

removal in COP, and the final pH of the 

solution at different times in ozonation 

process was significantly reduced. This fact 

can be explained because former to complete 

oxidation, and particularly in first minutes of 

the reaction, the compound is converted to 

some organic intermediates, including 

benzoquinone and acetic acid [25]. The PCP is 

thus considered removed, but the 

intermediates still add to the COD. The higher 

the degree ofoxidation, the simpler are the 

acidic intermediates formed and thus the 

more pH decreases, and/or the more simple 

intermediates are mineralized, thereby 

reducing COD [26]. The fast drop of solution 

pH versus the reaction time (Fig. 6) verifies 

the formation of acidic intermediates in the 

oxidation of PCP. Hong and Zeng[19] also 

reported production of intermediate 

compounds such as organic acids within PCP 

ozonation and decrease of final pH of 

solution. 

55
60

67

88
94 96 98

0

20

40

60

80

100

0.1 0.2 0.4 0.6 0.8 1 1.1

P
C

P
 R

em
o

va
l %

Catalyst dose (g/L)

31



Mutaz Qutob et.el  / Journal of Advanced Sciences and Engineering Technologies   

 
 

 

Fig. 6 COD and PCP removal using COP with simultaneous reading of solution pH values [catalyst 

dosage 1.87 g/ L, pH 8, dissolved ozone emission rate0.49 mg/min, PCP concentration, 200 mg/L. 

Effect of ozone emission rate 

The effect of dissolved ozone dosage on PCP 

removal in the catalytic ozonation (with 0.75 

g catalyst in 400 mL of solution) was 

investigated by regulating the dial-up setting 

of the oxygen generator. The concentration of 

ozone in solution then was determined by 

iodometric method. As shown in Fig. 7, PCP 

degradation increases with the increase in 

ozone concentration in solution. For instance, 

the removal of PCP increased from 33 to 88% 

in 0.17 and 0.49 g/min of ozone 

concentration at 30 min reaction time. The 

increase in PCP degradation with increasing 

ozone dosage is related to the increase in the 

production of highly reactive free hydroxyl 

radical, thereby PCP degradation is 

increased. It can be seen that the COP process 

is efficient than SOP process in PCP removal. 

 

Fig. 7 Effect of soluble ozone dosage on PCP removal from aqueous solutions using SOP and COP 

processes [ PCP Concentration 200 mg/L,  pH 8, catalyst dosage 0.75 g/L, contact time, 30 min] 
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Conclusions 

In this study, the capacity of the catalytic 

ozonation process (COP) with activated 

alumina for PCP removal from aqueous 

solutions was studied. Activated alumina is 

shown to improve the removal efficiency of 

PCP by ozonation. Zero charge surfaces of 

Al2O3 were more active in catalytic 

ozonation of PCP. The densities of surface 

hydroxyl groups also play an important role 

in the catalytic ozonation.The results 

demonstrated that the COP could reduce the 

concentrations of PCP and COD from about 

200 and 400 mg/L, respectively, to 35 and 

180 mg/L after 15 min of reaction time. In 

addition, COP has more efficiency than sole 

ozonation process for removing PCP. 

Acknowledgments 

The researchers are greatly indebted to the 

Isra University (Amman, Jordan) for their 

financial and technical support given for the 

accomplished this study 

References 

Liu, W., et al., Sorption removal of cephalexin 

by HNO3 and H2O2 oxidized activated 

carbons. Science China Chemistry, 2012. 

55(9): p. 1959-1967. 

WHO, W.g.o.u.o.m.i.a.i.f.-p.a.G.W.H.O.L.C.B.-

N.-S.I. 

FEDESA (European Federation of Animal 

Health ), Antibiotic Use in Farm Animals does 

not threaten Human Health. 

FEDESA/FEFANA Press release, 2001. 

Brussels. 

[4]Urs von G. Ozonation of drinking water: 

Part I. Oxidation kinetics and product 

formation.Water Res2003; 37: 1443-1467 

[5]Yuefeng X, David R. Formation of ketoacids 

in ozonated drinking water. Ozone 

SciEng1992; 14:269-275. 

[6]Haeryong J, Hosik P, Jun K, Ji-Hoon L, Hor-

Gil H, Nosang VM, Choi H. Preparation of 

biotic and abiotic iron oxide nanoparticles 

(IOnPs) and their properties and applications 

in heterogeneous catalytic oxidation, Environ 

SciTechnol2007; 41: 4741-4747 . 

[7]Azadeh A, Mehrab M. Degradation of 

aqueous methyl tert-butyl ether by 

photochemical, biological, and their 

combined processes.Int J Photo2006:2006: 1-

7. 

[8]Yuming D, Kun H, Bo Z, Ying Y, Lin Y, Aimin 

Z. Catalytic ozonation of azo dye active 

brilliant red X-3B in water with natural 

mineral brucite. CatalCommun2007; 8: 1599-

1603. 

[9]Li Y, Chun H, Yulun N,Jiuhui Q.Catalytic 

ozonation of selected pharmaceuticals over 

mesoporous alumina-supported manganese 

oxide.Environ SciTechnol2009; 43: 2525-

2529 . 

[10]Pocostales P, Álvarez P, Beltrán F. 

Catalytic ozonation promoted by alumina-

based catalysts for the removal of some 

pharmaceutical compounds from water.  

ChemEng J2011; 168: 1289-1295 . 

[11]Roberto R, María SG, Antonio R, José 

Antonio P-M, Eloy G-C.catalyticozonation of 

atrazin and linuron on MnOx/Al2O3 and 

MnOx/SBA-15 in a fixed bed 

reactor.ChemEng J2010; 165: 806-812 . 

[12-]AlHayek N, Legube B, Doré M. 

Ozonationcatalytique (Fe III/A12O3) Du 

phénolet de sesproduitsd'ozonation. Environ 

TechnolLett1989; 10: 415-426.  

33

http://www.sciencedirect.com/science/article/pii/S0043135402004578
https://www.researchgate.net/profile/Yuefeng_Xie
https://www.researchgate.net/profile/David_Reckhow
https://www.researchgate.net/researcher/39451851_Haeryong_Jung
https://www.researchgate.net/profile/Hosik_Park
https://www.researchgate.net/researcher/13630894_Jun_Kim
https://www.researchgate.net/profile/Ji-Hoon_Lee
https://www.researchgate.net/researcher/13052844_Hor-Gil_Hur
https://www.researchgate.net/researcher/13052844_Hor-Gil_Hur
https://www.researchgate.net/profile/Nosang_Myung
http://www.sciencedirect.com/science/article/pii/S1566736707000283
http://www.sciencedirect.com/science/article/pii/S1566736707000283
http://www.sciencedirect.com/science/article/pii/S1566736707000283
http://www.sciencedirect.com/science/article/pii/S1566736707000283
http://www.sciencedirect.com/science/article/pii/S1566736707000283
http://www.sciencedirect.com/science/article/pii/S1566736707000283
http://www.sciencedirect.com/science/article/pii/S1566736707000283
http://pubs.acs.org/action/doSearch?ContribStored=Yang%2C+L
http://pubs.acs.org/action/doSearch?ContribStored=Hu%2C+C
http://pubs.acs.org/action/doSearch?ContribStored=Nie%2C+Y
http://pubs.acs.org/action/doSearch?ContribStored=Qu%2C+J
http://www.sciencedirect.com/science/article/pii/S138589471000940X
http://www.sciencedirect.com/science/article/pii/S138589471000940X
http://www.sciencedirect.com/science/article/pii/S138589471000940X
http://www.sciencedirect.com/science/article/pii/S138589471000940X
http://www.sciencedirect.com/science/article/pii/S138589471000940X
http://www.sciencedirect.com/science/article/pii/S138589471000940X


Mutaz Qutob et.el  / Journal of Advanced Sciences and Engineering Technologies   

 
 

[13] Fernando JB, Francisco JR, Ramón 

ME.Ozone-enhanced oxidation of oxalic acid 

in water with cobalt catalysts. 2. 

Heterogeneous catalytic 

ozonation.IndEngChem2003; 42: 3218-3224 . 

[14] Ion U, Corina B.Ozonation of substituted 

phenols in aqueous solutions over CuO-

Al2O3 catalyst. Ozone SciEng2003; 25: 335-

343 . 

[15] Andrew HPK, Yu Z. Degradation of 

pentachlorophenol by ozonation and 

biodegradability of intermediates, Water 

Res2002: 36: 4243-4254 . 

[16] Javier BF, Juan LA, Francisco JR, Juan 

G.Kinetics of photodegradation and 

ozonation of 

pentachlorophenol.Chemosphere2003; 51: 

651-662 . 

[17] World Health Organization.Guidelines 

for Drinking Water Quality.2004. Geneva, 

Switzerland . 

[18] American Water Work Association. 

Standard methods for the examination of 

water and wastewater.21st ed. 2005, 

Washington, DC, USA. 

[19] Jin A, Rosawan W, Chettiyappan 

V.Oxidation and detoxification of 

pentachlorophenol in aqueous phase by 

ozonation, J Environ Manage2007; 85: 345-

349. 

 

 

 

 

 

[20] Sung M, Lee S, Chan H. Kinetic modeling 

of ring byproducts during ozonation of 

pentachlorophenol in water.Sep 

PurifTechnol2012; 84: 125-131 

[21] Zhang T, Ma J, Lu J, Chen Z, Li C, Jiang J. 

Catalytic ozonation with metal oxides: an 

option to control THM formation 

potential.Water SciTechnol2006; 6: 63-70. 

[22] Barbara K-H. Chemistry of alumina, 

reactions in aqueous solution and its 

application in water treatment,Adv Colloid 

Interface Sci2004; 11: 19-48. 

[23]Fei Q, Bingbing X, Zhonglin C,  Jun M,  

Dezhi S, Liqiu Z. Influence of aluminum oxides 

surface properties on catalyzed ozonation of 

2,4,6-trichloroanisole.Sep PurifTechnol2009; 

66: 405-410 . 

[24]Sánchez-Polo M, Leyva-Ramos R, Rivera-

Utrilla J. Kinetics of 6, 3, 1  -

naphthalenetrisulphonic acid ozonation in 

presence of activated carbon.Carbon2005; 

43: 962-969 . 

[25]Santos A, Yustos P, Cordero T, Gomis S, 

Rodríguez S, García-Ochoa F. Catalytic wet 

oxidation of phenol on active carbon: 

stability, phenol conversion and 

mineralization.Catal Today2005; 102: 213-

218 . 

[26]Gholamreza M, Ali K, Rahimeh A.The 

investigation of catalytic ozonation and 

integrated catalytic ozonation/biological 

processes for the removal of phenol from 

saline wastewaters.J Hazard Mate2009; 171: 

175-181. 

 

 

 
34

http://pubs.acs.org/action/doSearch?ContribStored=Beltr%C3%A1n%2C+F+J
http://pubs.acs.org/action/doSearch?ContribStored=Rivas%2C+F+J
http://pubs.acs.org/action/doSearch?ContribStored=Montero-de-Espinosa%2C+R
http://pubs.acs.org/action/doSearch?ContribStored=Montero-de-Espinosa%2C+R
https://www.researchgate.net/profile/Corina_Bradu
http://www.sciencedirect.com/science/article/pii/S0043135402001446?np=y
http://www.sciencedirect.com/science/article/pii/S004565350300153X?np=y
http://www.sciencedirect.com/science/article/pii/S004565350300153X?np=y
http://www.sciencedirect.com/science/article/pii/S004565350300153X?np=y
http://www.sciencedirect.com/science/article/pii/S004565350300153X?np=y
http://www.sciencedirect.com/science/article/pii/S004565350300153X?np=y
http://www.sciencedirect.com/science/article/pii/S0301479706003069
http://www.sciencedirect.com/science/article/pii/S0301479706003069
http://www.sciencedirect.com/science/article/pii/S0301479706003069
http://www.sciencedirect.com/science/article/pii/S0301479706003069
http://www.sciencedirect.com/science/article/pii/S0001868604000259
http://www.sciencedirect.com/science/article/pii/S138358660900015X
http://www.sciencedirect.com/science/article/pii/S138358660900015X
http://www.sciencedirect.com/science/article/pii/S138358660900015X
http://www.sciencedirect.com/science/article/pii/S138358660900015X
http://www.sciencedirect.com/science/article/pii/S138358660900015X
http://www.sciencedirect.com/science/article/pii/S138358660900015X
http://www.sciencedirect.com/science/article/pii/S0304389409008905
http://www.sciencedirect.com/science/article/pii/S0304389409008905
http://www.sciencedirect.com/science/article/pii/S0304389409008905



