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ABSTRACT 
 

In the present study, accelerated solar photocatalytic degradation of phenol by 
the simulated Sun light / (UV-light) using low cost TiO2 catalyst (anatase) was 
investigated. A photochemical reactor was developed using Sun simulated light 
source. The performance of the system was analyzed and optimized by studying the 
effect of TiO2 loading, phenol concentration, temperature, light intensity, suspended 
impurity and type of catalyst. It was found that the photocatalytic efficiency for 
phenol degradation was very high at 10 ppm as compared to 20, 30, and 40 ppm 
phenol concentration in water for the particular experimental set-up. The optimum 
TiO2 loading was found to be 1.0 g.L-1.  g.L-1 More that 75% phenol was degraded 
at 1.0 g.L-1 of TiO2 loading at 10 ppm concentration of phenol. The reaction 
intermediates were negligible for the TiO2 loading and confirmed with chemical 
oxygen demand analysis.  
Key Words : AOP, Photocatalyst, Phenol, Sun simulated light, Titanium dioxide. 

 
INTRODUCTION 

Every community produces both liquid 
and solid wastes. The wastewater is 
essentially the water discharge of the 
community after it has been fouled by a 
variety of uses. Industrial wastewater 
containing dissolved organic compounds 
have posed and continue to pose serious 
pollution problems. The removal of such 
contaminants especially organic pollutants 
can often be costly and inefficient with 
conventional methods. Phenol is one of the 
most toxic compounds in the discharge of 

various industries like petroleum refining, 

coal tar, steel, dyestuffs, synthetic resins, 
coal gasification and liquefaction, surface 
run-off from coal mines, byproducts of 
agricultural chemicals and paper and pulp 
industries. The removal of phenol is not easy 
by the commercial methods and Advanced 
Oxidation Processes (AOP) is generally 
utilized1. Advanced oxidation processes have 
been proved to be very effective on the 
elimination of hazardous compounds from 
wastewater. TiO2 anatase form is the most 
common photocatalyst for the degradation of 
organic pollutant due to its chemical stability 
and low toxicity. Electron-hole pairs are 
formed when anatase TiO2 (band gap 3.2 eV) 
is irradiated by photons with energy higher 
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than the semiconductor band gap2 and the 
following reaction takes place: 

   2    TiO h e CB h CB         (1) 

Wei and Wan3 proposed the generation 
of hydroxyl ion radicals as the rate 
determining step based on experimental 
studies on photocatalytic oxidation of phenol 
using suspended TiO2 and mercury lamp. 
Ding et al.4 developed a kinetic model for the 
photocatalyst in a mixture form in a slurry 
reactor. The effects of the TiO2-anatase size 
and loading on the activity of the samples 
were well explained by that model. The 
photocatalytic degradation of phenol and 
ortho-substituted phenolic compounds in 
aqueous suspensions of TiO2 under different 
experimental condition has been investigated 
by Peiro et al.5. It was observed that the 
competitive Langmuir-Hinshelwood kinetics 
for the degradation of phenol and phenolic 
compounds was obeyed. Pera-Titus et al.6 
reviewed the degradation of chlorophenol by 
means of AOPs. They found that 
photocatalytic processes have higher half 
reaction times than the rest of the AOPs. 
Ksibi et al.7 used direct UV-irradiation on 
TiO2 catalyst suspended in aqueous solutions 
to destroy phenolic compounds. The 
photodegradation of these phenolic 
compounds followed pseudo-first order 
kinetics. It was reported that the separation 
of TiO2 particles from the suspension was 
difficult. Therefore, a good alternative to 
avoid the separation of TiO2, was to support 
the photocatalyst on a mesh or a polymer. 
Thus, Tennakone et al.8 studied the 
photocatalytic activity of TiO2 supported on 
polythene films instead of TiO2 suspension. 
It was found that TiO2 could be readily 
supported on polythene films without 
inhibiting the photocatalytic activity. Chen 
and Ray9 studied the photocatalytic kinetics 
of aqueous phenol and its derivatives for UV 
irradiation over suspended and immobilized 

TiO2. They found that the external and 
internal mass transfer resistances were 
negligible for the photocatalytic process in 
aqueous TiO2 suspension. However, for TiO2 
immobilized system, mass transfer resistance 
plays a significant role at lower circulating 
flow rate. It was also found that TiO2 
calcination temperature had no effect on the 
activity of the TiO2 powder, but activity loss 
was observed in immobilized TiO2 calcined 
at high temperatures. In the case of TiO2 
immobilized film, Xagas et al.2 reported that 
the photocatalytic properties of the 
immobilized TiO2 film is influenced by the 
preparation technique of the TiO2 film. Salah 
et al.10 studied the photocatalytic degradation 
of phenol using ZnO and three commercial 
TiO2 (Degussa P25, TiO2-A1 and TiO2-A2). 
The rate of degradation of TiO2 was found to 
be greater for TiO2 (Degussa P25) and ZnO. 
Carpio et al.11 deposited TiO2 on activated 
carbon and formed pallets for the 
photocatalytic degradation of phenol. The 
experiments were performed under solar 
irradiation. The results indicated that around 
50% of the phenol was degraded in two 
consecutive days from 20 ppm of phenol 
concentration. 

In the present study, TiO2 suspension in 
a Sun simulated photochemical reactor is 
used to degrade phenol from a synthetically 
prepared wastewater. The performance of the 
system was analyzed and optimized by 
studying the effect of TiO2 loading, phenol 
concentration, light intensity, temperature 
and TiO2 from two different sources. To 
converge from synthetically prepared phenol 
wastewater to somewhat practical 
wastewater, the study on suspended solid 
other than TiO2 catalyst was performed and 
kinetic study conducted to determine the 
reaction order and rate constant. 

MATERIAL AND METHODS 
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Anatase titanium Dioxide (TiO2) was 
purchased from Merck, Germany and 
Travencore Titanium Products Ltd., India. 
Phenol was procured from CDH India 
Limited.  Sun simulated lamp (Ultra-Vitalux 
sunlamp) was procured from Osram, 
Germany. The reactor was made of glass. An 
air pump was used to supply air to the 
solution by a silicon tube. All other 
chemicals and reagents utilized for the 
experiments were supplied by Merck and 
CDH India Ltd., India.  

Experimental set-up 
The experimental set-up consists of a 

Sun simulated lamp placed at a certain 
distance from the open mouth of reactor 
vessel. The reactor vessel was open to air and 
an aqueous solution of phenol was placed in 
the reactor and required amount of TiO2 
catalyst was added into it. A magnetic stirrer 
was used for continuous stirring of the 
reaction mixture so as to uniformly disperse 
the TiO2 catalyst particles in the phenol 
solution. Air, as an oxidant was bubbled into 
the dispersion using air pump. The 
continuously agitated slurry was kept 
exposed to the irradiation by the Sun lamp. 
The temperature of the phenol solution in the 
reactor was kept constant by flowing water 
through a copper coil placed in the reactor, 
which carried away the heat of solution 
produced mainly by the lamp. Air fan was 
used to cool the Sun simulated lamp for safe 
working of lamp and glow the lamp 
continuously for longer duration. Samples 
were collected at definite intervals of time. 
Samples were centrifuged to obtain a clear 
solution for the analysis of phenol content. 
Concentrations of phenol in the different 
samples were analyzed quantitatively using 
4-aminoantipyrine method12. Chemical 
oxygen demand measurements were carried 
out using the standard dichromate reflux 
method to get qualitative idea of any 
intermediate formed. The total concentration 
of intermediates analysis was done as the 

difference between the COD result and 
phenol degradation assuming that all the 
intermediates were chemically oxidized by 
COD method. No effort has been made to 
identify the intermediates. Titanium dioxide 
catalysts were characterized by X-ray 
diffraction (XRD), scanning electron 
microscopy (SEM), BET surface area and 
particle size analyzer. The analyses of the 
phenol solution were done by the UV-VIS 
Spectrometer (Varian) and COD method. 

All the experiments were repeated more 
than twice. The experimental error was 
observed to be  5% of the reported value of 
the phenol degradation. Millipore water was 
used in all the experiments. The light 
intensity, temperature and catalyst used in 
the experiments were 160 mW.cm2, 25 oC 
and TiO2-A, respectively, unless otherwise 
stated. In this study, Merck and Travancore 
TiO2 powders will be designated as TiO2-A 
and TiO2-B, respectively. 

RESULTS AND DISCUSSION 
Characterization of TiO2 

The catalyst, titanium dioxide (TiO2), 
was characterized by SEM, XRD, BET 
surface area and particle size analyzer.  
Fig. 1a and Fig. 1b show the scanning 
electron micrographs of two different TiO2 
powders. The SEM images of the TiO2 
powders showed the uniformity in the 
particle size. At the same time, it could be 
observed that TiO2-B was in agglomerated 
form. The particle size of 1.81 and 51.7 μm 
was found using particle size analyzer for 
TiO2-A and TiO2-B powders, respectively. 
The BET surface area of TiO2-A was 6.54 
m2.g-1 and TiO2-B was 2.03 m2.g-1. The 
crystal structure of the TiO2 powders was 
assessed by analyzing the X-ray diffraction 
(XRD) patterns of the samples using Bruker 
AXS  instrument  using  Cu  Kα  radiation 
(40kV, 40 mA) with step size of 0.05◦ (2θ) 
and time of 0.5 s per step. In fig.2 the 
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diffraction patterns for powder samples of 
TiO2-A and TiO2-B are presented. Broad 
peaks were observed (Fig. 2) at values of 2θ 
equal to 25.4, 38.1, 48.2, and 54.7 for both 
catalysts, such peaks correspond to the 
anatase structures11,13,14. Insignificant  
amount  of  rutile  and brookite  

TiO2 was also found in the catalysts. The 
crystallite size of the TiO2 powders was 
determined with the Debye-Scherrer 
equation using full-width at half maximum 
(FWHM) of the main diffraction peak and 
found to be 16 nm, for both TiO2-A and 
TiO2-B.

Characterization of Sun simulated lamp 
An Osram Ultra-Vitalux sunlamp was 

used to simulate the Sun light for the 
accelerated test for solar assisted 
photocatalysis of phenol. The diameter of the 
lamp bulb was 12.5 cm with a power rating 
of 300 W. Optical power meter, S110, from 
Thorlabs, Inc., USA, was used to determine 

the intensity of the irradiation. A 
potentiometer was assembled with the lamp 
to vary the intensity of the irradiation. The 
lamp was able to deliver irradiation for 
longer duration at two different intensities of 
160 and 95 mW.cm2. 

Effect of phenol concentration  

 
      (a)       (b) 

Fig. 1 : SEM image of (a) TiO2-A and (b) Tio2-B particles. 
 

 
             (a)            (b) 

Fig. 2 : (a) XRD pattern of TiO2-A catalyst and (b) XRD pattern of TiO2-B catalyst. 
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Fig. 3(a) to Fig. 3(e) show the plots of 
percentage degradation of phenol versus 
irradiation time. It was seen from the figures 
that irrespective of initial phenol 
concentration the degradation first increased 
with the irradiation time and then reached at 
a steady state at a particular loading of TiO2. 
Maximum phenol degradation was 30% after 

8 hours using 0.5 g.L-1 of TiO2-A catalyst 
and 10 ppm phenol concentration. The COD 
analysis confirmed that there was no 
appreciable amount of intermediates present 

after degradation of 10 ppm phenol. At any 
time for a particular loading of the catalyst 
the increase in phenol concentration 
decreased the percentage phenol degradation. 
It may be because as the concentration of 
phenol increased the available active sites for 
the adsorption of phenol decreased at fixed 
catalyst loading. Almost in all the cases the 

degradation of phenol reached at a steady-
state in a retention time of 5-8 hours using 
Sun simulated light at an intensity of 160 
mW.cm2. 

 
Fig. 3 : Percentage of phenol Vs. irradiation time for different initial phenol concentration at  

(a) 0.5 g.L-1, (b) 0.75 g.L-1, (c) 1.0 g.L-1, (d) 1.25 g.L-1, (e) 2.0g.L-1 TiO2-A  loading. 
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Effect of catalyst loading (TiO2-A) 
The percentage degradation of phenol 

increased as the catalyst loading increased 
from 0.5 g.L-1 to 0.75 g.L-1, as shown in  
Fig. 4 (a representative figure for the effect 
of catalyst loading). But there was a drastic 
increase in percentage degradation of phenol, 
when the catalyst loading was increased to 
1.0 g.L-1 for 10 ppm phenol concentration. 
Further with the increase in TiO2 loading the 
change in phenol degradation was 
insignificant for 20, 30 and 40 ppm phenol 
concentration (as can be seen in Fig. 3). 
While for 10 ppm phenol concentration 
nearly 75% phenol was degraded using 1.0 
g.L-1 (Fig. 3c), 1.25 g.L-1 (Fig. 3d) and for 2 
g.L-1 (Fig. 3e) of TiO2 loading. Thus, 
percentage phenol degradation could not 
increase with the increase in TiO2 for a 
particular initial phenol concentration on the 
contrary, the phenol degradation was 
decreased. The probable reason may be 
because of the agglomeration of the catalyst 
particles. Once the catalyst loading increased 
beyond a particular value (1 g.L-1 of TiO2-A) 
the effective surface area of the catalyst in 
the reactor decreased because of the 
agglomeration. Less degradation at lower 
catalyst loading may be because of less 
active sites of the catalyst for phenol 
concentration under study. 

Fig. 5 shows the percentage degradation 
of phenol at different catalyst loadings for 
different initial phenol concentrations. It 
could be observed that the maximum 
degradation of phenol was at 1 g.L-1 of TiO2, 
irrespective of the initial phenol 
concentration. Therefore, an optimum 

catalyst loading of 1.0 g.L-1 was found 
suitable for the lower initial concentration 
(10 ppm) of phenol solution. 

Effect of light intensity 
Intensity of the Sun light varies 

throughout the day. Thus, for a practical 
solution it would be helpful to know the 
effects of the intensity of Sun light. The 
experiments were conducted at two different 

light intensities of 160 and 95 mW.cm2 using 
Sun simulated light source of the 
experimental set-up. Fig. 6, a representative 
graph, shows that the catalyst loading  
(1g.L-1) and phenol concentrations (10, 20 
and 30 ppm) being constant, the percentage 
degradation values decreased drastically with 
the decrease in light intensity. This showed 
that the intensity of solar light was one of the 
major factors, while considering phenol 
degradation using the photocatalytic method. 
Comparison of TiO2-A and TiO2-B 

Fig. 7 shows the comparative percentage 
degradation of 10, 20 and 30 ppm phenol 
concentration using 1 g.L-1 of TiO2-A and 
TiO2-B. TiO2-A performed better compared 
to TiO2-B. It may be because the effective 
surface area available for TiO2-B was quite 
less as it was in the agglomerated form. It 

 
Fig. 5 : Maximum percentage degradation 

(steady-state) of different initial phenol 
concentration vs. TiO2-A catalyst loading. 

 
Fig. 4 : Percentage of 10 ppm initial phenol 

concentration vs. vs. irradiation time at different 
loading of TiO2-A catalyst. 
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was in well agreement with the SEM  
Fig. 1(a) and Fig. 1(b). 

Effect of temperature 
Fig. 8 shows the effect of temperature on 

the percentage degradation of 20 ppm phenol 
using 1 g.L-1 of catalyst loading. The 
experiments were conducted at 30 and 50 oC. 
The experimental results showed that there 
was no significant effect of temperature on 
the percentage phenol degradation. 

Effect of suspended particles 
The above result of high photocatalytic 

degradation of 10 ppm of phenol may be 
very useful in the practical situation of 
wastewater treatment because the 
conventional wastewater treatment is not 
much effective for the low phenol 
concentration. The use of photocatalytic 

degradation process may be very useful to 
cope up with this problem. However, the real 
wastewater has some suspended particles that 
may affect the efficiency of the 
photocatalytic degradation of phenol. To 
determine the effect of suspended particles, 
an inert inorganic impurity (kaolin) was 
added in the phenol wastewater and treated 
by the usual procedure. Fig. 9 shows the 
effect of different concentration of kaolin in 
the wastewater for 10 ppm initial phenol 

using 1 g.L-1 of TiO2-A loading. It has been 
seen that the efficiency of the phenol 
degradation decreased considerably with the 
addition of kaolin. It may be because of the 
screening effect imposed by the suspended 
impurity. The kaolin, which is not a 
photocatalyst, reduced the degradation 
process by shielding the pollutant for 
irradiation and scattering the available 
radiation. So, it may be recommended to use 
this kind of photocatalytic unit at the end of a 
conventional effluent treatment plant to 
destroy the organic contaminant such as 
phenol which might not be fully treated 
before in the conventional process. 

 
Fig. 6 : Percentage of phenol vs. time of 

irradiation for different initial phenol 
concentration, 1.0 g.L-1 of TiO2-A and for 

intensity 160mW.cm-2(—) and 95mW.cm-2 (---) 

 
Fig. 8 : Percentage of phenol vs. time of 

irradiation at 20 ppm initial phenol 
concentration for different temperature and 

different TiO2 catalyst (1.0 g.L-1) 

 
Fig. 7 : Percentage of 10 ppm initial phenol 

concentration vs. vs. irradiation time at different 
loading of TiO2-A catalyst. 
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Kinetics of the reaction 
The kinetics of photocatalytic reactions 

proposed to follow the Langmuir-
Hinshelwood model for phenol concentration 
in the range of ppm using TiO2. The initial 
degradation rates can be written as15: 

                
1
k.K.Cr =
+ KC

     (2) 

where r is the rate of reaction 
(degradation of phenol), C is the phenol 
concentration, t is the time of reaction, k and 
K are the reaction and adsorption constants 
respectively. For low concentrations the term 
KC may be negligible and the apparent 
reaction rate would follow a pseudo-first-
order reaction model. On integrating eq.(2) 
yields: 

                
0

–In    
 

C kt
C

     (3) 

where Co is the initial substrate 
concentration and k’ is the apparent first 
order reaction rate. Fig. 10 shows a 
representative plot for the degradation of 10 
ppm phenol concentration for kinetic study. 
A linear trendline with a regression 
coefficient of 0.9962 was observed which 
proved that the photocatalytic degradation of 
phenol at the condition of the reaction was of 
pseudo-first-order reaction kinetics. The 
apparent rate constant calculated was 0.0022. 
These results were in well agreement with 
the published results14. 

CONCLUSION 
A suitable photocatalytic reactor was 

developed for the degradation of phenol from 

the synthetically prepared wastewater. 
Accelerated tests for the solar photocatalysis 
study were performed using a Sun simulated 
light source. To converge from synthetically 
prepared phenol wastewater to somewhat 
practical wastewater, the study on suspended 
solid other than TiO2 catalyst has been 
performed. An optimum loading of 1.0 g.L-1 
of TiO2 was found suitable for the low 
phenol concentration (10 ppm) in the 
solution for the particular experimental set-
up. In this particular condition the 
degradation of phenol was found to be more 
than 73%. The rate of degradation of phenol 
was greater for TiO2-A than TiO2-B. Light 
intensity was one of the most important 
parameters for phenol degradation. The 
kinetic study showed that the phenol 
photocatalytic reaction under the 
experimental conditions was pseudo-first-
order reaction. Higher degradation of phenol 
took place under high intensity radiation 
(160 mW.cm2) compared to low intensity 
radiation (95 mW.cm2). The formation of 
intermediates for the degradation of 10 ppm 
of phenol was negligible and confirmed with 
the COD analysis. The synthetic wastewater 
was tried to mimic with the practical 
wastewater by adding an inert inorganic 
substance (kaolin) in the synthetic 
wastewater. The mimicked practical 
wastewater showed the decreased 
degradation of phenol. Thus, it was 
recommended that the particular system may 
be efficient for the phenol degradation if the 
unit may be placed just before the discharge 
of wastewater to the environment from an 
effluent treatment plant. 

 
Fig. 9 : Percentage of phenol vs. time of 

irradiation at 10 ppm initial phenol concentration 
and 1 g.L-1 of TiO2-A for different loading of 

kaolin as an impurity 

 
Fig. 10 : Photocatalytic degradation of 10 ppm 
initial phenol concentration vs. irradiation time 

for 1.0 g.L-1 of TiO2-A catalyst; Symbol: 
experimental data; solid line: trendline. 
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