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ABSTRACT 
 

Photocatalytic degradation of phenol has been investigated using homogeneous photocatalysis to detoxify 
drinking water. Irradiation of aqueous solutions containing phenol and H2O2 creates a redox environment able to 
destroy this pollutant. The measurements were carried out under wide experimental conditions. The effects of 
phenol concentration (50 – 300 ppm), H2O2 concentration (1x10-3, 5x10-3, 1x10-2, 2.5x10-2 and 5x10-2 M), 
different reaction temperatures (20 – 60 oC) and  pH (2 – 10) on the photo-degradtion of phenol were 
investigated. The degradation of phenol and formation of intermediates have been monitored using UV-Vis 
spectrophotometry and High Performance Liquid Chromatography (HPLC). Results showd that the optimum 
phenol concentration, H2O2 concentration , temperature and pH were 300 ppm, 5x10-3 M, 50oC and 8, 
respectively. These conditions greatly enhanced the rate of degradation. The degradation followed the first order 
kinetics model and a significant mineralization of phenol was observed in very reasonable period of time. Also a 
suggested mechanism was discussed in the light of the observed results. 
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Introduction 
 

Due to the toxicity effects and endocrine disrupting properties of phenolic compounds, their removal 
from water and wastewater has gained widespread global attention. Phenols, also termed total phenols or 
phenolics, are important due to their widespread use in many manufacturing processes. However, these 
chemicals pose a serious threat to many ecosystems, water supplies and human health because of their inertness, 
toxicity, endocrine disrupting abilities and carcinogenic behaviour (World Health Organization, 1994 and World 
Health Organization, 1995). The United States, Canada and the European Union have included some phenols in 
their list of priority pollutants (European Union, 2001, Environment Canada, 1995 and United States 
Environmental Protection Agency (USEPA), 1977). Phenol is commonly employed in the manufacturing of 
phenolic resins and chlorophenols such as pentachlorophenol .Cresols are isomeric mono-substituted phenols. 
Commercially, cresol is produced as a by-product from the fractional distillation of crude oil and coal tars and 
the gasification of coal. Phenol and its derivatives have been identified in effluents from petroleum refining 
Pfeffer, (1977) pulp and paper manufacturing Keith, (1976) coal processing Parkhurst et al., 1979 and chemical 
production facilities (Jungclaus et al., 1978). Oil-shale processing is another industry that produces effluents 
containing phenol and cresols (Kamenev et al., 2003). Removing phenolic compounds from wastewaters and 
drinking water supplies has received widespread attention recently because of their toxic and endocrine 
disrupting properties (Guo et al., 2006). Phenols can be removed by physical processes such as flocculation, 
precipitation, granular activated carbon (GAC) or reverse osmosis (RO) (Auriol et al., 2006). Enzymes and 
microorganisms have also been employed to remove phenols. Studies by Cooper and Nicell, (1996) have shown 
over 97% phenol removal using an enzymatic process. However, using enzymes is impractical because of high 
catalyst cost and short-lived catalytic activity. Biological processes have also been used to remove phenolic 
compounds. However, in many cases, phenols are inhibitory to microorganisms at threshold levels (Veeresh et 
al., 2005 and Hobson et al., 1990). Inadequate removal of phenolic compounds by conventional biological 
treatment methods has forced researchers to develop alternative treatment approaches. Advanced oxidative 
processes (AOP) are successful in removing complex organic contaminants because they can achieve complete 
oxidation (Gogate and Pandit, 2004). AOP offer a distinct advantage over many conventional treatment 
methods, such as biological processes, because faster degradation rates are accomplished and contaminants are 
degraded rather than transferred from one phase to another. In addition, there is no requirement for by-product 
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disposal (Wang et al., 1998). AOP processes can be configured using a combination of chemical and physical 
agents such as a combination of oxidizing agents, an oxidizing agent plus ultraviolet, catalyst or ultrasound and 
a catalyst plus ultraviolet (Matilainena and Sillanpaa, 2010). In all AOP processes, the degradation of organics is 
mediated by the generation of •OH radicals (Glaze et al., 1987). (AOPs) divided into two types homogeneous 
and heterogeneous according to the catalyst phase (solid or liquid) Emara et al., (2009), show that the structural 
modification of the catalyst has an effective rule on the rate of degradation of pollutants during advanced 
oxidation process (Stasinakis, 2008). 

AOP has the ability to take place under any temperature or pressure without the production of secondry 
components or sludge. AOPs make use of oxidants like UV, O3, H2O2, Fe2+, TiO2, ultra sound and electron 
beam irradiation to generate •OH Radicals, which have the potential to oxidize organics in the waste water 
effluents (Devi et al., 2009 and Emara et al., 2002). These radicals: (a) have an oxidizing potential of 2.33 V Li 
et al., (2008), (b) have an affinity towards electrons in the system and hence are called electrophiles and (c) have 
one unpaired electron on their outer shell which makes them unstable and as such try to attain a more stable 
configuration by reacting with the organics (Abdel – Alim Sadik and Nashed, 2008). Some of the advantages of 
using UV/ H2O2 in comparison to the other AOPs are considerably safe and easy operation, a reduction of the 
chemical oxygen demand (COD) and a short reaction time (Kavitha, and Palanisamy, 2011).  
The reaction of hydroxyl radicals, generated by photolysis of H2O2, with organic contaminant includes three 
different mechanisms: hydrogen abstraction, electrophilic addition and electron transfer (EPA US, 2012). Direct 
photolysis is efficiently applied for the removal of phenolic compounds chlorinated hydrocarbons Sahel et al., 
(2007), including hydroquinone amino aromatic compound, trihalomethanes Habibi et al., (2005) , chlorinated 
compounds Shu and Chang, (2005), nitroaromatic compounds Galindo et al., (2001) and certain pesticides (Hari 
and Yaakob, 2015). 

The objective of the present work is to evaluate the effect of H2O2 on the photocatalytic degradation of 
phenol. The change in the concentration of the pollutants, temperature and pH of the medium with various H2O2 
dosages was examined. Additionally, the extent of mineralization was also estimated by using high performance 
liquid chromatography (HPLC). 
 
Experimental 
 
Experimental Apparatus 

All experiments are proceeded in a 200ml thermostated batch glass reactor, Figure (1), equipped with a 
magnetic stirrer. The photo-reactor consists of 8 xenon lamps each one has 254 nm wavelength of 6 watt. To 
200 ml of the solution, to be investigated which could be phenol of different concentrations or with proper 
catalyst, were added and the resulting solution was subjected to UV irradiation within the photoreactor where a 
total radiant flux of 20 MWcm2 was applied. The radiation flux was measured by a UV radiometer (Digital, 
UVX, 36). The aqueous suspension was magnetically stirred throughout the experiment. At different time 
intervals, aliquot was withdrawn which was subsequently filtered through 0.45µm (Millipore) syringe filter. The 
collected aliquots were then analysed using HPLC and UV-Vis Spectrophotometer. 

 
Materials 
The following chemicals, of analytical grade, were purchased from Fluka chemicals and were used without 

further purification; these are: hydrogen peroxide (50%), acetonitrile and phenol 

 

 

 

Fig. 1: Image of the photoreactor  -  a.Inside the photoreactor   b. Outside the photoreactor 

 
 
 
 

UV- lamps 

Sample holder 

a b 
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Procedure 
200 ml of each pollutant solution, of the different concentrations used, with the proper catalyst dose was 

placed in the cell container; the starting time of the experiment was recorded as soon as the addition of catalyst 
was completed. 
 A 5 ml aliquot was then withdrawn after the specific interval reported for each experiment. The collected, 
aliquots at different intervals, were then analysed using HPLC and UV-Vis spectrophotometer. 
 
Analytical methods  
High performance liquid chromatography (HPLC) 

The concentration of each pollutant and the produced photodegradation intermediates for aliquots of each 
experiment were identified and followed using HPLC Dionex 202 TPTM C18 column (4.6 x 250 mm). The 
mobile phase used was a mixture of acetonitrile: water (60:40 by volume), by a pump at flow rate of 1 ml /min 
using Dionex p580 pump. This HPLC type has a UV detector and the wave length at which measurements were 
carried out was 290 nm. 
 
UV-Visible spectrophotometer 

All spectra reported in this study were performed using a Perken Elmer Lambda 4B UV/VIS 
spectrophotometer through the wavelength range 200-900 nm using 1.0 cm fused silica cells. 
 
pH measurements 

The pH values of solutions were measured using Multimeter; WTW (Wissenshaftlich – Technische 
Werkstatten Gmbh) Inolab Multi level, be 12237 de, Germany. The measurement was calibrated using buffers 
of pHs: 2.00, 4.00, 6.00, 8.00 &10.00 at room temperature; (25°C) before each measurement. 
 
Results and Discussion  
 
Photocatalytic degradation of phenol with H2O2 

Photolysis of different concentrations of phenol 
The data obtained in Figure (2) indicates that phenol is stable in the absence of light, however as shown in 

Figure (3a), degradation takes place when H2O2 was added in absence of light but never exceeds 5 %. In the 
presence of light, low concentrations of phenol (50 to 100 ppm) degraded completely in less than 300 min. 
However, for solutions containing 200-300 ppm of phenol the degradation process is very slow and takes about 
300 min for the removal of 59% of the initial concentration (300 ppm). 

  
Effect of H2O2 concentration 

In this series of experiments, 300 ppm phenol concentration was examined with five different 
concentrations of H2O2 (0.001, 0.005, 0.01 and 0.05 M); the rate of degradation of phenol in presence of UV 
light is much higher than that in the absence of UV light at all H2O2 concentration (Figure 3). 

The data obtained indicated that the rate of degradation increase with increasing amount of H2O2 0.001 to 
0.05 M beyond which any further addition of H2O2 has no effect on the degradation rate. For example complete 
degradation of the 300 ppm phenol with 0.005 M H2O2 took place within 90 minutes in presence of UV light, 
while it took 110 minutes for 0.05 M H2O2. The data showed that 0.005 M H2O2 represents the optimum 
concentration for the degradation of 300 ppm phenol in presence of UV light. 

 
Effect of pH 

One important feature in photocatalytic degradation reaction is the pH change which should either be 
followed up during the reaction or adjusted at different values to evaluate the effect of its change on the 
degradation process. 
 
Effect of degradation of phenol on pH 

In all experiments of phenol degradation, the pH was monitored under all conditions. These results are 
shown in Figure (4) .The variation of pH of the solutions occurs when the degradation process takes place and 
can be used as evidence for the degradation. For example during the degradation of aqueous phenol solution 
(300 ppm) the pH was found to decrease from 6.66 to 3.66 at room temperature upon exposure to UV 
irradiation; this is due to the formation of some degradation intermediates with acidic properties.      

For degradation of phenol in presence of H2O2 (0.001 - 0.05 M) under UV light irradiation, the pH 
decreased from 6.65 to 3.01 for 0.001 M H2O2 after 150 minute, while it became 2.26 for 0.005 M H2O2 after 90 
minute. Furthermore, the variation of H2O2 concentration (0.01, 0.025 and 0.05 M) showed a decrease in pH up 
to (2.5, 2.27 and 2.12) for the above mentioned concentrations, respectively, in 110 – 120 min time range, 
(Figure 5). 
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Fig. 1. Degradation of different concentrations of phenol. 
a) In absence of UV light 
b) In presence of UV light 

 

  
Fig. 2: Degradation of 300 ppm phenol in presence of different   concentrations of H2O2 

a) In absence of UV light. 
b) In presence of UV light.  

 

 
Fig. 3. Variation of pH during using different 
concentrations of phenol (UV). 

Fig. 4: Variation of pH during the degradation of phenol using 
different concentrations of H2O2 (UV).  
 

b 
a 
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From the above mentioned results, it is seen that the pH value of phenol (300 ppm) under these variable 
degradation conditions decreased as the process proceeded indicating that the medium become more acidic 
which also suggests that there are some acidic intermediate species before any possible complete mineralization 
of phenol solution. The pH change depends on the rate by which degradation takes place as well as on the 
concentrations and types of the formed intermediates. 

 
Effect of pH on the degradation of phenol  

Here, the pH was adjusted by addition the proper concentrations of hydrochloric acid and/ or sodium 
hydroxide to reach the target pH’s (2, 4, 6, 8 and 10). The effect of pH on the rate of degradation of phenol was 
studied in the range of 2 to 10. It’s clear that the change of pH strongly affected the degradation rate of phenol. 
The maximum degradation was observed at pH 8 as shown in figure (6). 

  
Effect of temperature on the degradation of phenol 

The temperature varied from (20 – 60) oC. It’s clear that the temperature change affected strongly the 
degradation rate of phenol where the maximum degradation was observed at 50 oC as shown in figure (7). The 
data shows that the rate of degradation increases with increasing temperature up to 50. 

 
Kinetics studies of degradation of phenol 

Phenol degradation can probably proceed through two pathways: complex oxidation and HO· oxidation. 
Scheme (1) may represent the principal pathways of phenol degradation. 

 

 

 

 

 

Scheme 1: The principal pathways of phenol degradation 

In the above reaction pathways (Scheme 1), A represents the original organic compound (phenol), B is the 
organic intermediates such as acetic acid, etc., and C is the final substrates, CO2 and H2O. k1, k2 and k3 represent 
the rate constants (min-1) of the corresponding steps. 

If we assume that HO• radical is produced as a consequence of the following primary process. 

 

This can either be used in the phenol degradation as follows: 

(i)  

Or 

(ii)  

   

If we now assume that the degradation process is either first order or pseudo-first order kinetics, 
thus the rate expression can be written as follows: 

 

   

 

A B 

C 

k1 

K3 K2 

2 HO•                                  (1) H2O2 + h 

CO2 + H2O                       (2) Phenol + HO• 

Intermediates                     (3) Phenol + HO• 

CO2 + H2O                                 (4) Intermediates   

-d [Phenol] 

dt 

 =   k [Phenol] [HO•]                                             (6) 

-d [Phenol] 

dt 
  α [Phenol] [HO•]                                                 (5) 

K2 

K1 

K3 
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If make use of the fact that [HO.] is practically constant, therefore, equation (6) becomes 

 

 

Where [Phenol] is the concentration of Phenol at time t and kobs is the observed rate constant included into it 
the constancy of HO• and the intensity of the UV light. If equation (5 → 7) is integrated between initial 
condition at t = 0 and any time at t = t where [Phenol] is equal [Phenol]0 and [Phenol] respectively we get:  

  

Or       

 

 

Where Co = [Phenol]o at t = 0 time and C = [Phenol] at t time. If our degradation process does follow this 
equation (5→8), thus the plot ln Co/C versus time in every experiment must lead to a straight line whose slope 
is kobs. When this was done using the results obtained in this investigation under all experimental conditions, 
fortunately we did obtain straight lines as can be seen from Figures (8 - 10), and kobs is calculated from the 
corresponding slope of each plot. 

 
Effect of various parameters on kobs 

Previous data tend to indicate that the rate expression of the kinetic model, for the degradation of phenol as 
a pollutant in water; is first order or pseudo-first order. This simply indicates that the rate determining step does 
follow this model. However, the possible or plausible mechanism through which this process proceeds is not yet 
clear and we shall throw some light on proposed mechanism in a coming section. Also, the sequence of 
variation of kobs with some of the experimental variables needs further looking. This also might help in 
elucidating the mechanistic pathway of the degradation process which increases from 50 to 300 ppm. The 
decrease of kobs as [phenol] increased may be explained on the basis that HO· radicals which is the initiator 
responsible of the oxidation of phenol to either intermediates or complete mineralization. The extent of HO· 
radicals formation is dependent on the UV intensity, which is constant for all initial concentrations of phenol (50 
→ 300 ppm), thus the availability of HO· radicals to the phenol molecules in lower concentrations will be higher 
than in case of higher concentrations, which is very consistent with the observed results.  

 
Effect of H2O2 initial concentration 

As shown in Figure (11) a significant enhancement of the mineralization efficiency was observed when the 
H2O2 concentration was increased from 0 to 0.005M. Above this H2O2 concentration, the oxidation rate constant 
seems to be negatively affected by the increase of H2O2 up to 0.05M. 

 This is probably due to both the auto- decomposition of H2O2 into oxygen and water (eq.10) and the 
scavenging effect of hydroxyl radicals by H2O2 (eq.11) as follows: 

 

 

Excess of H2O2 will react with HO• competing with organic pollutants and consequently reducing the 
efficiency of the treatment. 

 
Effect of pH 

 The effects of pH on the observed degradation rate constant (kobs ) were illustrated in Figure (12). The data 
obtained indicate that the values of kobs increase with the increase of pH to reach its maximum value at pH 8 
beyond which it starts decreasing upon increasing the pH to 10. 

  
 

=   kobs t                                                          (9) 

Co 

C 

Ln 

-d [Phenol] 

dt 

 =   kobs [Phenol]                               (7); where Kobs= K[HO.] 

 

[Phenol]o 

[Phenol] 

Ln 
=   kobs t                                              (8) 

2 H2O  +  O2                                                    (10) H2O2  

HOO• +  H2O                               (11) HO•  +  H2O2 
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Fig. 5: Effect of different pH on degradation of 300 ppm 
phenol in presence of 0.05 M H2O2 (UV). 

Fig. 6: Effect of different pH on degradation of 300 
ppm phenol in presence of 0.005 M H2O2 (UV).     
 

 

 

 

Fig.7: Ln Co/C vs. Time for the photodegradation of 
different concentrations of phenol in presence of UV 
light 

Fig. 8: Ln Co/C vs. Time for the photodegradation of 
300 ppm phenol in presence of different concentrations 
of H2O2 in presence of UV light 

 

  

 
Fig. 9: Ln Co\C v.s time for the photodegradation of 
phenol in presesnce of 0.005 M of H2O2 at different pH 
(UV).    
 

 
Fig. 10: Ln Co\C v.s time for the photodegradation of 
phenol in presesnce of 0.005 M of H2O2 at different 
temperature (UV).     
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Effect of temperature 
 The effect of temperature on the observed degradation rate constant (kobs ) was illustrated in Figure (13). 

The data obtained indicate that kobs increases with increasing temperature to reach its maximum value at 50 oC 
beyond which it decreases upon rising temperature to 60 oC. 

      
Possible Intermediates of the Degradation of Phenol 

When carrying out an experiment for removal of any organic pollutant in water using any method, in 
general, and photolysis or photocatalytic degradation in particular. One would like to completely exhaust or 
eliminate such pollutant completely without having any possible intermediates; this can only occur if the 
pollutant is completely mineralized to CO2 and water. In many cases scientists obtain some intermediates, but 
we hope that they are less toxic than the original pollutant itself. During the photolysis or photocatalytic 
degradation of phenol, four intermediates were detected by HPLC; these are hydroquinone, oxalic acid, formic 
acid and acetic acid. Figures (14 - 19) show the changes in concentration of phenol and intermediates as a 
function of the irradiation time. The concentrations of all the products reached a maximum at certain irradiation 
time and subsequently decreased with increasing reaction time. These concentrations were all determined 
directly by HPLC except CO2  which was obtained stoichiometrically. 
 
Mechanism of Phenol Degradation 

The degradation products of phenol might in theory be classified as primary products (such as catechol and 
hydroquinone), more oxidized products (such as maleic acid, benzoquinone and oxalicacid), and the final 
products (CO2 and water) (Emara et al., 2011 and Waki et al., 2000). In our study, only several main products 
with detected. The primary products (such as catechol and hydroquinone) were detected possibly because their 
concentrations were detected by HPLC after all very easily further oxidized them. Some other intermediate 
products, such as maleic acid and benzoquinone were unsaturated organic substances with double-carbon bonds. 
So these products that would be further oxidized to more steady species, such as oxalic acid. Oxalic acid should 
be a certain degradation product of phenol. The oxalic acid molecule is symmetrical, with each of its carbon 
atoms stabilized by carboxyl. A high quantity of oxalic acid was detected as expected; with the amount 
increasing with the reaction time. A suggested mechanism was proposed in the literature  as shown in Scheme 
(2). It includes the already detected intermediates observed in our experimental. The fact that the other 
suggested intermediates are not shown in our measurements; does not exclude its possibility. Its absence could 
be due to either its half – life time is very short and/or this detection limit of the available concentration of these 
intermediates.  

 

 
 

Fig. 11: kobs against concentration for the photodegradation   of phenol  
a) At different concentrations of phenol. 
b) At different concentrations of H2O2. 
 
 

a b 
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Fig. 12: kobs against pH for the photodegradation of 
phenol at fixed 0.005 M H2O2.                    

Fig. 13: kobs against temperature for the photodegradation 
of phenol at fixed 0.005M H2O2 

 
Fig.14: Degradation intermediates for 300 ppm 
phenol (UV) 

Fig. 15: Degradation intermediates of 300 ppm phenol 
using 0.005 M H2O2 (UV). 
 

 

 
Fig. 16:  Degradation intermediates for effect of pH for 300ppm phenol + 0.005 H2O2 (UV).                                                                            

a) pH= 2.            b) pH= 4.               c) pH= 6. 

a 
b 

C 



Int. j. Environ. 4(4): 322-335, 2015 
ISSN: 2077-4508 

 

331 

  
Fig. 17: Degradation intermediates for effect of pH for phenol + 0.005 M H2O2 (UV). 

a) pH= 8.                              b) pH= 10.    

 
Fig. 18: Degradation intermediates for effect of temperature for phenol + 0.005M H2O2 (UV).  

a) 20 oC.            b) 30 oC.               c) 40 oC.        
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Fig. 19: Degradation intermediates for effect of temperature for        phenol+0.005M H2O2 (UV).  

a) 50 oC.                                     b) 60 oC.          
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Scheme 2: Simplified scheme for phenol oxidation. 
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