

 

Abstract—A photocatalyst prepared by binding ZnO 

particles using colloidal SiO2 and heating at 300
o
C for 9 hours 

was applied to degrade phenol and Methyl orange dye under 

solar irradiation. The influence of operating parameters such 

as catalyst loading and pH was studied. Furthermore the 

kinetics involved in the degradation of methyl orange and 

phenol were examined, and the degradation was found to 

follow first order kinetics. 

 

Index Terms—Photodegradation, ZnO,    methyl orange, 

phenol. 

 

I. INTRODUCTION 

A substantial amount of organic pollutants are released 

from various industrial processes. Among these organic 

pollutants are phenol, its derivatives and synthetic dyes. 

Phenol and its derivatives are the most commonly 

encountered organic pollutants in industrial effluents that 

are linked to severe environmental problems [1]. Of major 

concern is that phenolic compounds are carcinogenic, 

mutagenic and teratogenic [2].  

Extensive studies on photocatalytic degradation of 

phenolic compounds such as phenol, chlorophenols, and 

nitrophenols have been conducted. However, in these 

studies photodegradation is achieved using TiO2 upon 

illumination with near-UV light [3]-[7]. Synthetic dyes are 

mainly found in waste water from textile and paper 

industries [8]. This is in addition to other chemicals such as 

surfactants, chelating agents, and pH regulators employed in 

the manufacturing processes. The resulting wastewater is 

highly complex and presents challenges when it comes to 

treatment due to the presence of non-biodegradable 

compounds. Various methods have been developed for 

removal of synthetic dyes from such wastewaters with the 

aim of ameliorating their impact on the aquatic environment. 

Conventional water treatment methods such as 

sedimentation, filtration, chemical and membrane 

technologies are not viable due to high operating costs 

Moreover these methods result in production of toxic 

secondary pollutants that also have to be treated [9]. 

Advanced oxidation processes (AOPs) have emerged as a 

promising approach for treatment of wastewaters containing 

problematic organic compounds. The most widely used 
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oxidants for AOPs include semiconductors/photocatalysts 

such as TiO2 [10], hydrogen peroxide [11], ozone [12] and 

electrochemical oxidation [13]. Of these AOPs 

photocatalysis is a promising technique to deal with 

contaminated waters. It has been extensively investigated in 

the recent years because it is able to completely oxide 

organic molecules at a low energy cost. The effects of 

various operating parameters such as temperature, pH, 

initial concentration of organic compounds, light intensity, 

and catalyst dosage have been investigated. In addition the 

photodegradation of organic pollutants using suspended and 

immobilized catalysts has also been compared [14]. 

The successful demonstration of the photocatalytic ability 

of titania (TiO2) to remove organic pollutants, particularly 

dyes, from wastewater attracted wide attention. The source 

of light has been mostly ultraviolet (UV). However, Zinc 

oxide (ZnO), with comparable bandgap energy as that of 

TiO2 (rutile), has hardly drawn as much attention as a 

photocatalyst. The unpopularity of ZnO as a photocatalyst 

can be attributed to the effect of UV irradiation of its 

aqueous slurry [15] which results in the formation of 

Zn2+(aq) and H2O2 in the presence of air. On the other hand, 

TiO2 is photochemically stable. Despite its photoinstability 

early studies of ZnO as a photocatalyst demonstrate that it 

has high reaction and mineralization rates [16] as a result of 

its ability to generate the hydroxyl ion efficiently [17]. In 

addition compared to TiO2, ZnO absorbs a large fraction of 

the solar spectrum and more light quanta [18]-[22]. 

Furthermore ZnO has been found to satisfactorily degrade 

an azo dye, brilliant orange [19], non-azo dye, Bractive T 

Blue [20], and methyl orange [23] from aqueous 

suspensions at the normal pH, approximately 6, of the dyes 

by visible light with an intensity of approximately 0.18 mW 

cm−2. 

In the present study the supported photocatalyst was 

prepared by immobilising solid ZnO on colloidal silica 

particles. The product was tested for its efficacy to degrade 

phenol and methyl orange. 

 

II. EXPERIMENTAL 

A. Materials 

ZnO (Merck, Germany), silica (Merck, Germany), phenol 

(Industrial Analytical, RSA), methyl orange (Industrial 

Analytical, RSA), UV-VIS Spectrophotometer (Shimadzu 

UV-Visible 1800 Spectrophotometer, Japan) 

B. Preparation of Catalysts 

The photocatalyst was prepared using ZnO and colloidal 

silica. Colloidal SiO2 and ZnO were mixed in 100 mL of 
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MilliQ water and the mixture vigorously stirred for 1 hour 

to ensure homogeneity. Then resultant product was filtered 

and dried in an oven at a temperature of 180 ℃ for 4 hours. 

Thereafter the product was calcined at a temperature of 350 
oC for 9 hours. 

C. Photodegradation Experiments 

The photocatalytic activity of the prepared powders were 

tested for degradation of phenol and methyl orange with an 

initial concentration of 10 mg/L and 20 mg/L, respectively. 

The reaction was carried out in a mechanically agitated 

batch reactor of volume 500 mL. As a result mass transfer 

limitations were not anticipated since the catalyst was finely 

divided and suspended. The following variables were 

studied: initial concentrations of phenol and methyl orange, 

initial pH, catalyst loading, irradiation time. Sampling was 

done by withdrawing 15 mL of the 500 mL irradiated 

solution, every 20 minutes for 4 hours. Before analysis the 

samples were filtered through a 0.45 µm membrane filter. 

All experiments were run in triplicate and the relative 

standard deviation (RSD) was employed to assess the error 

associated with the analysis. Phenol was quantified using a 

UV-Vis spectrophotometer at a wavelength of 270 nm. The 

concentration of methyl orange was determined at a 

wavelength of 464 nm. The photocatalytic degradation 

efficiency was calculated using the formula: 
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where Ao = absorbance before irradiation and At = 

absorbance at time t. 

 

III. RESULTS AND DISCUSSION 

A. Effect of Catalyst Loading  

 

Fig. 1. The effect of catalyst concentration on photodegradation efficiency 

of methyl orange. 
 

The dependency of the degradation efficiency of methyl 

orange and phenol on the catalyst loading is shown in Fig. 1 

and Fig. 2, respectively. The results showed that 

photodegradation efficiency increased with an increase in 

catalyst loading to an optimum loading after which it 

decreased. Maximum degradation of methyl orange and 

phenol was found to be at 3.0 g/L and 1.5 g/L, respectively. 

This observation can be explained in terms of the 

availability of active sites on the surface of the catalyst and 

the penetration of solar radiation into the suspension [24]. 

An increase in catalyst dosage results in an increase in total 

active surface area of catalyst which in turn results in an 

increase in the photodegradation efficiency. However, this 

effect is counteracted at high catalyst dosages due to 

increased turbidity of the suspension. The increased 

turbidity reduces pernetration of the much needed solar 

radiation due to scattering, hence a decrease in 

photodegradation efficiency at high catalyst dosage. 
 

 
Fig. 2. The effect of catalyst concentration on the photodegradation 

efficiency of phenol. 

 

B. Effect of pH  

 
Fig. 3. The effect of pH on the photodegradation efficiency of methyl 

orange. 

 

 
Fig. 4. The effect of pH on the photodegradation efficiency of phenol. 

 

The influence of pH on the photodegradation efficiency 

of methyl orange and phenol is illustrated in Fig. 3 and Fig. 

4, respectively. The highest degradation efficiency of 

methyl orange and phenol was obtained at pH close to 7. 

This observation can be explained in terms of the charges of 

methyl orange, phenol and the surface of the catalyst [25]. 
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The point of zero charge (PZC) for ZnO is about a pH of 9.3 

[26]. Above the PZC the surface of ZnO-SiO2 catalyst 

particle is negatively charged. Below this pH value the 

surfaces are positively charged. On the other hand methyl 

orange molecules exist as anions in a wide pH range. Hence 

when the pH of the solution is below the PZC methyl 

orange anions are readily adsorbed onto catalyst surface via 

coulombic interactions..  

At high acidic condition phenol exists in its protonated 

form and acquires a positive charge which gets less 

adsorbed and in turn less degraded by the positively charged 

catalyst surface due to coulombic repulsion. At less acidic to 

neutral pH (pH 5.2 and 7.2), phenol remains primarily in its 

non-ionic form; with minimum water solubility and the 

adsorption onto the photocatalyst is enhanced resulting in 

increased removal rates. Phenol exists as negatively charged 

phenolate ion at higher pH medium. The surface of the 

composite exhibits a negatively charged surface at the 

solution pH > pHzpc. Hence, coulombic repulsion between 

the phenolate anions and the negatively charged catalyst 

surface decreases the adsorption onto the surface of the 

catalyst. 

C. Kinetics of the Photocatalytic Degradation 

The photocatalytic degradation of methyl orange and 

phenol on the surface of ZnO-SiO2 catalyst follows pseudo 

first order kinetics law, expressed as follows: 

 

0

CIn kt
C

                                   (2) 

where C and Co are the reactant concentrations at time t = t 

and to = 0, respectively, k and t are  rate constant and time, 

respectively. The relationship between -InC/Co and reaction 

time, t, is depicted in Fig. 5 and Fig. 6 for phenol and 

methyl orange , respectively. It can be seen that there exists 

a linear relationship between -InC/Co and reaction time, t. 

The pseudo first order reaction constant k and linear 

regression coefficient for methyl orange and phenol with 

different initial concentrations are listed in Table I. From the 

Table it can be seen that the reaction rate constant decreases 

with increase in initial concentration. This observation can 

be explained by considering the Langmuir-Hinshelwood 

model. According to the model the reactants are first 

adsorbed onto the surface of the catalyst. Thereafter the 

degradation occurs under irradiation. As the initial 

concentration of reactants increases the molecules aggregate 

on the surface of the catalyst.  This results in quenching of 

the excited molecules [27]. The probability for quenching 

increases with increase in initial concentration. 

Consequently, the photocatalytic degradation efficiency of 

methyl orange and phenol decreases with increase in initial 

concentration. 

 

 
Fig. 5. Kinetics of the photocatalytic degradation of phenol. 

 

 
Fig. 6. Kinetics of the photodegradation of methyl orange. 

 

 

TABLE I: REACTION RATE CONSTANTS FOR METHYL ORANGE AND PHENOL DEGRADATION WITH DIFFERENT INITIAL CONCENTRATIONS 

Initial concentration 

(mg/L) 

ZnO-SiO2 conc (g/L) Methyl orange Phenol 

Methyl orange Phenol rate constant (k) r2 rate constant (k) r2 

10 3.0 1.5 0.0287 0.9982 0.0401 0.9980 

20 3.0 1.5 0.1280 0.9864 0.0201 0.9972 

30 3.0 1.5 0.0056 0.9875 0.0107 0.9941 

40 3.0 1.5 0.0030 0.9686 0.0063 0.9865 

50 3.0 1.5 0.0024 0.9874 0.0022 0.9937 

 

IV. CONCLUSIONS 

A photocatalyst consisting of ZnO immobilised on SiO2 

was prepared via calcination the of the precursor material at 

a temperature of 350oC for 9 hours. studies were carried out 

to find out the effects of catalyst loading and pH on the 

photodegradation efficiency of methyl orange and phenol. It 

was observed that the photodegradation efficiency increased 

with catalyst loading up to a maximum. Thereafter the 

photodegradation efficiency decreased. The maximum 

photodegradation efficiency were observed at 3.0 g/L and 

1.5 g/L catalyst loading for methyl orange and phenol, 

respectively. The photocatalytic activity of ZnO-SiO2 was 

also found to be strongly dependant on the pH of the methyl 

orange and phenol solutions. Good photodegradation 

efficiency was observed at pH 7 for methyl orange and pH 5 

to 7 for phenol. 
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