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ABSTRACT 

Phenol, catechol and 2- & 4-chlorophenol were degraded by utilizing five oxidation methods viz. UV, H2O2, 

Fe+2/H2O2, UV/H2O2 and UV/Fe+2/H2O2 in a batch reactor maintaining identical reaction conditions. Percent conversion 

of each pollutants and their chemical oxygen demand (COD) was measured after different time interval of reactions. The 

efficiency of each method was then analyzed. Observations found that while the efficiency of degradation of phenol and 

phenolic substrates by Fe+2/H2O2 and UV/H2O2 are nearly same, degradation by using UV/Fe+2/H2O2 is the most 

effective than other methods. 
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INTRODUCTION 

Physicochemical processes have undergone decades of development for application to the problem of 

organic contamination of water. Oxidation techniques offer a degree of flexibility in tailoring treatment 

methodology to a specific wastewater or hazardous wastes at a reasonable time, space, and cost. In this work, 

experimental oxidation studies were conducted for degradation of non-biodegradable organics by using different 

oxidation technologies viz. (i) H2O2 oxidation (ii) Fe+2/ H2O2 oxidation (iii) UV/H2O2 oxidation (iv) UV/Fe+2/H2O2 

oxidation and (v) by Photolysis only. The aim of the study was to compare destruction rates of organic pollutants 

by these different techniques for conclusion of better options of treating wastewater containing refractory organic 

pollutants.  

The liquid phase oxidation of phenol and substituted phenols, pesticides, dyes and a number of refractory 

organic compounds has been studied by various oxidation methods and most of the processes are successful for 

removal of low levels of organics. When the concentration of refractory organics increases, the available processes 

fail to destroy the components and do not achieve stipulated discharge levels. The hydrolysis and oxidation of 

carbon disulfide by hydrogen peroxide in alkaline medium was studied [1] and found that hydrogen peroxide 

ionizes in alkaline medium (acids are used as inhibitor to decomposition) giving OH− ion in solution and the attack 

of hydroxyl ion is the rate determining step of oxidation reaction proceeding formation of a complex intermediate 

ion. Oxidations of organic pollutants like nitrobenzene, aniline, cresols, phenol, catechol, 2- and 4-chlorophenols in 

aqueous solutions were studied by different researchers using hydrogen peroxide as oxidant [2-5]. It is reported by 

almost all of the researchers that limited amount of destruction of these compounds could be made possible by 

treating hydrogen peroxide only if initial concentrations of substrates are poor. It has been known for some time 
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that high-energy electromagnetic radiation, such as ultraviolet light, can induce degradation of organic molecules in water. 

The essential precondition for photolysis is that the organic molecule must absorb radiation strongly in the spectral band of 

emission of the UV lamp. The extent of photolysis of an organic molecule by UV radiation can be expressed as, 

∫= dλφ  I  λε                                                                                                                                                      (1) 

Where I is the rate of UV absorption by the organic molecule and φλ is the quantum yield of photolysis at the 

wavelength of irradiation. Gjessing [6] reported that the colored organic matter when present in small amount in 

groundwater or water in lakes, natural global radiation can reduce 20% of the observed color and thus the UV is used 

mainly to disinfect drinking water. The finding was supported by other researchers also [7, 8] 

A number of researchers worked on and reported the effectiveness of UV/ H2O2 photooxidation [9-12]. Following 

similarities with them, Kawaguchi [13] reported that both the COD and the TOC in aqueous phenol solutions can be 

decreased to nearly zero by the UV/hydrogen peroxide oxidation process.  

Simultaneous application of hydrogen peroxide and ultraviolet radiation for removal of pollutants like n-

chlorobutane was investigated by Liao and Gurol [14] in a CSTR and proposed a kinetic model based on radical oxidation 

of organic compounds. Weir et al. [15], Benitez et al. [16], Apak and guluH && [17], ppoK &&  et al. [18] and Benitez et al. 

[19] worked on determination of reaction rates and effects of different operational parameters like substrate and oxidant 

concentrations, temperature and pH etc. on degradation of pollutants when present in wastewater by treating organic 

pollutants with hydrogen peroxide in presence of ultra violet radiation.  

Again, a good number of researchers reported that the effectiveness towards degradation of pollutants by using 

UV/ H2O2 could be improved if a catalyst is added to the reaction mixture [20-24] and for the purpose a number of 

alternate catalysts like copper, zinc, TiO2, oxides of copper etc were tried for degradation of non-biodegradable organic 

compounds.  

Considering the above, the concept of using ferrous ion for degradation of organic pollutant was practiced by a 

number of researchers [25-29]. Potter and Roth [30] reported a detailed study on degradation of phenol and substituted 

chlorophenols, both mono- and di-chlorophenols, using the Fenton reagent (Ferrous ion and hydrogen peroxide). Trends 

and oxidation rates of phenol and mono-chlorophenols were found nearly identical in their observation. In the study, very 

rapid initial degradation of phenol and o-chlorophenol was observed, and about 98% of the chlorophenol reacted within 55 

minutes for a 1:12 molar ratio of the substrate to H2O2 in the feed.  

Kiwi et al. [31] studied Fenton reaction on nitrophenols and reported an increased conversion by using ultraviolet 

light in combination with Fenton reagent. A comparison between Fenton and Photo-Fenton reaction has been reported 

recently by De et al. [32] and observed that Photo-Fenton reaction is more effective compared to other advanced oxidation 

processes, such as UV/H2O2 and Fenton reaction. 

Experimental Set-Up 

We used the following chemicals for the work were obtained from firms of repute at the specified purities and 

were used without any further purification: phenol (Qualigens, 99.5%), 2- & 4-chlorophenol (Qualigens, 99.5%), catechol 
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(Loba, 98%), hydrogen peroxide (E.Merck, 30% w/v), 4-aminoantipyrine (Aldrich, 98%), and ferrous sulfate (Loba, 

99+%). 

Experiments were carried out in a 500 mL glass photocatalytic reactor. The contents of the reactor were stirred 

continuously by motor-driven impeller. The outer side of reactor (Figure 1) was equipped with water-cooled jacket for 

maintaining constant temperature and to prevent the radiation loss of ultraviolet light. A 6 W low pressure mercury lamp 

(Sankyo Denki, Japan) was housed into the core of the reactor as the source of UV radiation. The reactor was always 

charged with 250 mL aqueous substrates. There were provisions to measure pH and temperature of reaction medium 

intermittently. 

 

Figure 1: Schematic Diagram of Experimental Setup (1- UV Lamp, 2- Cooling Water Inlet, 3- Water Outlet, 
4- Stirrer, 5- pH Probe, 6- Cover Plate, 7- Sampling Port, 8- Water Jacket, 9- Base Plate) 

Experimental Procedure 

Photolysis of substrate solutions were performed in the reactor mentioned by using 24 W/L of UV dosage only. 

For hydrogen peroxide oxidation, same reactor was used and 30% w/v hydrogen peroxide in different concentrations was 

added for. Again, the same reactor was utilized for UV/H2O2 photo-oxidation. Fenton and photo-Fenton reactions were 

studied by adding freshly prepared ferrous sulfate solution in the reaction medium. In all cases, phenol, o- and p-

chlorophenols and catechol solution in water ranges 100 to 1000 mg/L were used as sample solutions. Aqueous solutions 

of these organic compounds and all other standard solutions were prepared by dissolving appropriate quantities of the 

materials in distilled water and stirring the mixture at least for 1 h. Concentrations of substrates in aqueous reaction 

medium were measured colorimetrically in a Shimadzu Spectrophotometer by the 4-aminoantipyrine method [33]. COD of 

the initial feed and the reaction samples were also determined by the standard APHA [33] method. The interference of 

hydrogen peroxide on COD measurement was corrected [34] to get the actual COD of final effluent. Samples were 

withdrawn intermittently from the photo-reactor for analysis. A summery sheet of detailed experimental runs are shown in 

Table 1. 

Table 1: Detailed of Experimental Runs Taken During the Work 

Degradation 
Method 

Pollutant 
mg/L 

H2O2 mg/L 
FeSO4 
mg/L 

UV W/L 

UV photolysis     
H2O2 oxidation     
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Table 1: Contd., 
UV/H2O2 100-1000 600-12000 12-120 24-400 
H2O2/FeSO4     
UV/H2O2/FeSO4     

 
Comparison of Reaction Rates 

We studied the degradation of phenol and 2- and 4-chlorophenols by using UV only, H2O2 as oxidant, UV/H2O2 

photooxidation, Fenton reaction and by photo-Fenton reaction. The conversion histories of these different degradation 

processes were compared. Figures 2 present data on destruction of 100 mg/L aqueous phenol solutions. It was observed 

that photolytic destruction of 100 mg/L phenol is much smaller (10%) compared to oxidation of substrate by hydrogen 

peroxide (26.4%) only. UV/H2O2 photooxidation resulted in significantly higher degradation (99%) of phenol within an 

hour under the same conditions. The contributions of these three oxidation processes for 1000 mg/L phenol solution was 

5.1%, 17.5% and 89% respectively [Figure 3]. By applying Fenton and photo-Fenton reaction of the same under identical 

experimental conditions, percent conversion was 91.8% and 95.7% respectively.  
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Figure 2: Percent Conversion of Phenol (100 mg/L) when Degraded by  
Five Categories of Oxidation Processes in the Reactor 

Direct photolysis of substrate increases with the decrease in initial substrate concentrations but the conversion 

does not exceed beyond 15.2% in an hour even with phenol concentration as low as 100 mg/L. pH of reaction medium 

reduces 6.6 to 6 in an hour of reaction. During study of hydrogen peroxide oxidation of substrates it was observed that 

within five minutes of reaction conversion achieved around 90% of total conversion and the rest 10% was achieved very 

slowly even after treatment of 55 minutes. Maximum conversion was attained when reaction medium temperature was 

maintained at around 300 K and by increasing reaction medium temperature conversion decreased.  
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Figure 3: Percent Conversion of Phenol (1000 mg/L) when Degraded by 
Five Categories of Oxidation Processes in the Reactor 

When other phenol substitutes were treated by all these methods of degradation, similar extent of degradation was 

observed. It was observed that catechol, 2- and 4-chlorophenols showed similar nature of degradation with reasonable 

percent conversion of substrates and reduction of COD when treated with UV/ hydrogen peroxide, Fenton reagent and by 

photo-Fenton reaction. Figure 4 represents COD reduction of catechol and 2- and 4-chlorophenols using the same molar 

ratio of substrate to hydrogen peroxide. 
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Figure 4: Chemical Oxygen Demand (COD) of Catechol, 2- and 4-Chlorophenols when  
                     Treated under Identical Conditions (Same Substrate and Substrate to Hydrogen  

Peroxide Concentration) by Three Advanced Oxidation Processes 

Fenton reaction, when used to destroy the same substrates, resulted in a considerable increase in percent 

conversion as well as percent COD reduction. It was observed that 100 mg/L of phenol solution when treated in an hour 

percent conversion was 92%. It was also observed that using only double the stoichiometric amount of hydrogen peroxide, 

over 90% conversion could be achieved within an hour of contaminant treatment. COD reduction was significantly large 

compared to UV photolysis and hydrogen peroxide oxidation. For a 1000 mg/L phenol solution around 60.4% of COD 
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reduction was observed. Effect of ferrous sulfate concentration in reaction medium showed that at around 12 mg/L of 

ferrous sulfate is sufficient to produce maximum conversion of phenol.  

UV/H2O2 photooxidation resulted in effective and significant destruction of refractory substrates studied in the 

research. The extent of degradation was marginally same as Fenton oxidation. For a 500 mg/L of 2-chlorophenol solution 

conversions were 93.6% and 94.7%, respectively, in Fenton reaction and UV/H2O2 photooxidation. The reaction pattern 

i.e., percent decrease in concentration with time, drop in reaction medium pH etc. were identical in nature for these two 

advanced oxidation processes.  

Photo-Fenton reaction, UV/H2O2/FeSO4, showed a slight improve in substrate degradation when used in the 

study. Percent COD removal was also higher than that of Fenton and UV/H2O2 photooxidation processes. A 1000 mg/L 

phenol solution when treated by applying all these five categories of degradation methods keeping all other parameters 

identical, COD reduction achieved after 1 hour of treatment is given in Figure 5. 
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Figure 5: Chemical Oxygen Demand (COD) of Treated Solution after 1 Hour of  
            Experimental Run by Utilizing all Processes of Degradation Studies 

Mechanism of Different Oxidation Processes 

According to Soley et al. [35] the kinetic mechanism for the degradation of substrates by photolysis is a simple 

three-step scheme. 

[Substrate] + hν → [Substrate]*, r1 = k1A I                                                                                                         (2) 

[Substrate]* → [Substrate],  r2 = k2C[substrate]                                                                                  (3) 

[Substrate]* → Products,  r3 = k3C[substrate]
*                                                                                                (4) 

where I = radiation intensity [einstein.m-2.s-1] 

A = absorbance/m 

ki = kinetic constants 

It is reported that the dissolved oxygen in water may absorb photon (radiation intensity) which in later stage takes 

part in the degradation reaction. But the extent of excitement and the consequent oxidation reaction is very poor [36].  
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The oxidation potential of H2O2 is 1.77 V. In aqueous solution it oxidizes phenolic substrates slowly. In aqueous 

solution hydrogen peroxide dissociates releasing proton and hydroperoxide ion as follows:  

H2O2 → H+ + HOO−, K = 1.55 X 10-12                                                                                                                     (5) 

Rozhdestvenskii et al. [37] reported that hydrogen peroxide can also form free radicals by homolytic cleavage of 

either an O-H bond or the O-O bond. 

HOOH→ •OOH+ •H, ∆H = 380 kJ/mol                                                                                                                   (6) 

HOOH→2•OH, ∆H=210 kJ/mol                                                                                                                              (7) 

Reaction (7) predominates in uncatalysed vapor-phase decomposition and photo-chemically initiated reactions. 

Therefore, in normal, oxidation of substrates take place mainly by HOO- ions and a little by HOO• free radicals formed 

form the dissociation of hydrogen peroxide during H2O2 oxidation. Due to lack of generation of sufficient quantities of 

active free radicals, extent of degradation by using hydrogen peroxide, only as oxidant, is fair. 

In presence of UV radiation, hydrogen peroxide dissociates to form •OH free radicals that attack the benzene ring 

and undergo very rapid and effective substitution reactions to form oxygenated intermediates. A few side reactions also 

occur during photo-initiated homolytic fission of hydrogen peroxide. The •OH radical acts as an electrophilic agent [12, 

38] during its attack on aromatic ring.  

The chemistry of advanced oxidation processes (AOPs) of UV/H2O2 and Fenton reagent involves a series of 

possible reactions as shown below. 

H2O2 + hν → 2 •OH                                                                                                                            (8) 

H2O2 → HO2
- + H+                                                                                                                            (9) 

H2O2 + •OH → HO2
• + H2O                                                                                                                         (10) 

2 HO2
• → H2O2                                                                                                                           (11) 

•OH + H2O2 → O2
•- + H++H2O                                                                                                                         (12) 

HO2
•+ H2O2 → •OH + O2 + H2O                                                                                                                         (13) 

H2O2 + Fe+2 →•OH + OH- + Fe+3                                                                                                                           (14) 

•OH + Fe+2 → Fe+3 + OH-                                                                                                                                       (15) 

Fe+3 + H2O2 → Fe+2 + H+ + HO2                                                                                                                         (16) 

Fe+3 + HO2
• → O2 + Fe+2 + H+                                                                                                                         (17) 

The UV/H2O2 combination involves one step initiation and the photolytic dissociation of H2O2 into two hydroxyl 

radicals. It is the most efficient AOP of •OH free radical producing mechanism with respect to H2O2 efficiency. However, 

the utilization of UV light is relatively inefficient due to the low absorption coefficient of H2O2. Ferrous ions, the catalytic 

activator in Fenton reagent causes generation of •OH free radicals from H2O2. The combination of UV/H2O2 
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photooxidation with Fenton reagent ie, UV/H2O2/FeSO4 (Photo-Fenton Oxidation) oxidation can destroy all kinds of 

hazardous and refractory organic pollutants in wastewater. 

CONCLUSIONS 

In the study, it was observed that degradation of phenol and other phenolic substrates by using UV irradiation and 

only hydrogen peroxide was negligible and thus ineffective for degradation of refractory organic compounds. Other three 

advanced oxidation processes (i) UV/H2O2 (ii) H2O2/FeSO4 and (iii) UV/H2O2/FeSO4 are quite useful and effective to 

destroy commonly available pollutants including hazardous and refractory organic compounds which are hardly degradable 

by common wastewater treatment processes. Among these three advanced oxidation processes, it might be concluded that 

while the efficiency of degradation of phenolic substrates by Fe+2/H2O2 and UV/H2O2 are nearly the same, degradation by 

using UV/Fe+2/H2O2 is the most effective compared to other methods. 
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