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ABSTRACT In this work, the solar radiation induced photocatalytic degradation of phenol, 2-chlorophenol and 4-chlorophe-
nol was studied over a model catalyst prepared by supporting titanium dioxide on zeolite Y. The catalyst characteri-

zation  was done by techniques like XRD, FTIR and SEM. The effects of various parameters like catalyst loading, initial concentration of the 
dye, reaction time and pH were investigated. The efficiencies of the catalyst calcined at 773 K were compared with those of the uncalcined 
catalyst, the original titanium dioxide, and the parent zeolite Y. After a reaction was over, the reaction mixture was centrifuged and the uncon-
verted reactant was estimated spectrophotometrically in supernatant. The used catalysts were washed thoroughly and were tested for reuse 
capability. The catalysts could be reused up to four runs without much loss of activity. The reactions were also carried out in the dark and 
the results were compared with those of the solar experiments. The progress of the reactions was also monitored by measuring the chemical 
oxygen demand of the reaction mixture from time to time. The reaction kinetics was worked out.

1. Introduction
Improper waste disposal practices have resulted in contamina-
tion of various environmental media. Phenol and chlorophenols, 
identified by the US EPA (Environmental Protection Agency) as 
priority pollutants represent one of the most abundant fami-
lies of industrial toxic compounds. They are harmful to human 
health and ecosystem even at low concentrations. Phenol and 
chlorophenols, apart from direct entry from various chemi-
cal industries, are also generated as degradation byproducts of 
a variety of agrochemicals such as herbicides and pesticides. 
Conventional treatment technologies, such as air stripping, car-
bon adsorption and biological treatment etc. have limitations in 
removing these persistent refractory organic compounds from 
wastewater.  Therefore, various advanced wastewater treatment 
technologies have been developed over the last 20 years [1-7]. 
Heterogeneous photocatalysis using semiconductors is one of 
the most promising technologies among them [8-10]. When the 
photocatalysis is carried out utilizing sunlight as the source of 
energy, which is free and inexhaustible, the possibilities are im-
mense. 

Among various semiconducting materials, TiO2 has attracted 
the most attention because of its high photocatalytic activity, 
resistance to photocorrosion, low cost, non-toxicity and favour-
able band-gap energy [11]. Anatase phase of TiO2 is more active 
than the rutile phase [11-13]. However TiO2 has a tendency to 
aggregate in aqueous suspension due to its small size. Forma-
tion of large particles reduces surface area and pore volume and 
reduces the catalytic efficiency rapidly. Coarse particles also in-
crease turbidity of the reaction mixture decreasing solar light 
penetration. Thus, it is difficult to maintain the rate of photo-
catalytic transformation if TiO2 is used alone. Moreover it is very 
difficult to separate pure TiO2 powder from water when used in 
aqueous system making the recovery of the catalyst from the re-
action mixture very difficult. These difficulties are sought to be 
overcome in this work by using a large area support on which 
TiO2 particles are dispersed. 

According to previous reports, it is very important that the tar-
get compound is adsorbed enough on the TiO2 surface before 
photocatalytic decomposition. The enrichment of organic pol-
lutants also greatly facilitates the photodegradation efficiency 
and reduces the electron-hole recombination process on the sur-
face of TiO2 [14-15]. Therefore, extensive research has been go-
ing on to develop techniques to enhance the adsorption ability 
of the photocatalyst without affecting its photocatalytic activity 
in a suspension [16-22]. Among various supports used for TiO2 

photocatalysts, zeolites have drawn attention due to their large 
surface areas, internal pore volume, unique uniform pores, chan-
nel size, photochemical stability, and chemical inertness [23-
25]. In the present work, solar photodegradation of three model 
compounds, namely phenol, 2-chlorophenol (2-CP) and 4-chlo-
rophenol (4-CP) were studied over TiO2 supported on zeolite Y 
catalyst. 

2. Experimental
2.1. Materials used
Zeolite Y (Sodium form) was obtained from HiMedia Laborato-
ries Pvt. Ltd, Mumbai, India, and titanium dioxide was obtained 
from E. Merck, Mumbai, India. Phenol, 2-CP and 4-CP for the 
reactions were procured from E. Merck, Mumbai, India, Merck-
Schuchardt, Honenbrunn, Germany and Fluka, Switzerland re-
spectively. All other chemicals used were of analytical grade.

2.2. Catalyst Preparation 
Two different suspensions were prepared by taking equal 
amounts (by weight) of TiO2 and zeolite Y in a large volume of 
distilled water under continuous stirring. The TiO2 suspension 
was added to the zeoliteY suspension with vigorous stirring. 
Stirring was continued for 24 hours. The resulting material was 
centrifuged, washed with double-distilled water several times, 
dried in hot air oven at 393 K for 8 h, and then calcined at 773 
K for 24 h. The prepared catalysts were preserved in stoppered 
glass bottles.  

2.3. Catalyst Characterisation
XRD  patterns of the catalysts were recorded in reflection 
mode (Cu Kα radiation, λ = 1.5406 Å) on a Bruker D8 Advance 
diffractometer in the 2θ range of  10° to 80° with a step size of 
0.019917°. The FTIR spectra of catalysts were taken by Perkin-
Elmer Spectrum RXI spectrophotometer (range 4000 - 450 
cm−1) using KBr self-supported pellet technique. The SEM im-
ages of the catalysts were recorded with a scanning electron mi-
croscope (JEOL JSM-6360). 

2.4. Reaction Study
All the solar experiments were conducted under direct sunlight 
in the month of July during the daylight hours of 10 to 15 h. The 
variation of solar intensity during the experiment was recorded 
with a digital luxmeter (HTC) which can measure intensity in 
the range of 1 – 1 x 105 Lux. The sensor was always set in the 
position of maximum intensity and the solar light intensity was 
measured every 5 min during the duration of the reaction. The 
variation in solar intensity with time, plotted for three consecu-
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tive days, is shown in Fig.1. From the figure it is clear that the 
variation in solar intensity is minimum across the days. The av-
erage light intensity was around 109000 lx. For comparison of 
the photocatalytic activity of the prepared catalysts with the par-
ent compounds, experiments were conducted simultaneously to 
avoid fluctuations in solar intensity.

Fig.1. Solar intensity variation with time plotted for three 
consecutive days
The reaction mixture taken in 250 ml round bottom flask was 
stirred vigorously using a magnetic stirrer for the entire time 
span of the experiment. The reaction mixture was stirred in 
complete dark for 30 min prior to the start of the solar experi-
ments to eliminate the changes due to adsorption. After the re-
action was over, the mixture was centrifuged at 8000 rpm (Remi 
Research Centrifuge) and the unconverted portion of the reac-
tant was determined in the supernatant layer spectrophotomet-
rically (Hitachi UV-visible U3210). The percentage of conversion 
was computed by using the following expression:  

% conversion = (Co – Ct) × 100 / Co

where, Co (mol L-1) and Ct (mol L-1) are reactant concentra-
tions before and after reaction for time t (min).                                                         

COD was determined by using the open reflux method (APHA, 
1989). In this method a sample was refluxed for 2 h with strongly 
acid solution with a known excess of potassium dichromate 
(K2Cr2O7) and K2Cr2O7 remaining unutilized was titrated with 
ferrous ammonium sulphate (FAS). The end point was indicated by 
the first sharp colour change from blue green to reddish brown. A 
blank containing the reagents and volume of distilled water equal 
to the sample taken was refluxed and titrated in the similar man-
ner. COD of the samples is determined using the following formula:

COD as mg O2/L = (A – B) × M × 8000 / mL of sample taken

where A = mL of FAS used for blank, B = mL of FAS used for 
sample and M = molarity of FAS. The COD removal efficiency of 
the catalyst was calculated as % COD removed using the follow-
ing formula

% COD removed = (CODi – CODf)/CODi × 100 %

where CODi = COD before reaction and  CODf = COD after reaction

3. Results and discussion
3.1. XRD studies
XRD patterns of the prepared catalysts, parent TiO2 and that of 
parent zeolite Y were recorded in 2θ range of 10 to 80◦. The ob-
served XRD patterns are given in Fig. 2. The parent TiO2  has a 
prominent peak at 2θ = 25.39° (d = 3.5 Å) followed by peaks at 
2θ values of 37.04° (d = 2.43 Å),  37.90° (d = 2.37 Å), 38.65° (d = 
2.33 Å),  48.14° (d = 1.89 Å), and 53.97° (d = 1.69 Å),  55.15° (d  = 
1.66 Å), 62.78° (d = 1.48 Å), 68.85° (d = 1.36 Å),  70.34° (d = 1.34 
Å),  and 75.10° (d = 1.26 Å). These peaks can be attributed to 

101, 103, 004, 112, 200, 105, 211, 204, 116, 220 and 215 diffraction 
planes respectively. It was observed that only anatase crystalline 
phase is present. The background of the XRD pattern is flat in-
dicating that TiO2 is crystalline. The parent zeolite Y gave XRD 
peaks at 2θ values of 10.12, 12.42, 15.16, 20.37, 21.61, 23.94, 30.75 
and 34 .11 ° corresponding to d spacings of 8.73, 7.12, 5.84, 4.35, 
4.11, 3.71, 2.91 and 2.63Ǻ respectively. The obtained diffraction 
pattern matches well with those available in the literature [23]. 

A comparison of the XRD patterns of the prepared photocata-
lysts (both uncalcined and calcined at 773 K) with those of parent 
TiO2 and zeolite Y revealed that the prepared catalysts exhibited 
crystallinity similar to those of the parent compounds. The peak 
positions and the d-spacings of the peaks corresponding to the 
parent compounds remained nearly same on the prepared photo-
catalysts. This indicates no change in the interlayer distance.  The 
intensity of both TiO2 and zeolite Y peaks in the prepared photo-
catalysts decreased in comparison to the parent compounds. Iin-
tensities of the peaks were found to have increased after calcina-
tion in comparison to the uncalcined TiO2-zeolite Y.

Fig. 2: XRD patterns of (a) parent TiO2 (b) parent zeolite Y 
(c) uncalcined TiO2 -zeolite Y (d) calcined TiO2 -zeolite Y

3.2. IR spectroscopy
Fig. 3 shows the FTIR spectra of the prepared TiO2-zeolite Y 
(both uncalcined and calcined at 773 K) in the frequency range 
400 – 4000 cm-1. FTIR spectra of pure, untreated TiO2 and zeo-
lite Y are also given in Fig. 3 for comparison. The absorption 
bands at 704 – 695 cm-1 correspond to internal tetrahedral sym-
metric stretching and bands at 573 - 575 cm-1 are due to double 
ring (external vibrations of tetrahedral linkages) [26]. TiO2-zeo-
lite Y catalyst retained the prominent peaks in the IR adsorption 
spectra after calcination The broad band near 3400 cm-1 can 
be attributed to the stretching H–O–H vibrations and the band 
around 1600 cm-1 corresponds to the bending vibration of H-O-
H group. After calcination at 773 K, a decrease in the intensity of 
these bands was observed. These bands indicate the presence of 
tightly bound water to the anatase surface [11].
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Fig. 3.  FTIR spectra of (a) parent TiO2 and parent zeolite Y (b) 
uncalcined TiO2 -zeolite Y and calcined TiO2 -zeolite Y

3.3. Scanning electron microscopy (SEM) measurements
SEM micrographs of parent TiO2, parent zeolite Y, TiO2 support-
ed on zeolite Y (uncalcined) and TiO2 supported on zeolite Y 
(calcined at 773 K) are shown in Fig. 4. Small particles of almost 
uniform size were observed in the SEM micrograph of the par-
ent TiO2. Some agglomerations were also observed in the parent 
TiO2. The zeolite Y particles are cubes with rounded edges and 
are of different sizes. It is observed that the shape and size of the 
zeolite particles remained same in the supported catalysts. The 
surface of the zeolite particles is observed to be uniformly cov-
ered with small TiO2 particles in the SEM micrograph of TiO2 
supported on zeolite Y. No significant change could be observed 
due to calcination.

Fig. 4.  SEM images of (a) parent TiO2 (b) parent zeolite Y (c) 
uncalcined TiO2 -zeolite Y (d) calcined TiO2 -zeolite Y
3.4. Photocatalytic activity of TiO2 supported on zeolite Y 
Before investigating the effectiveness of the prepared photocata-
lysts, a set of blank experiments were carried out with the fol-
lowing systems: 

1.	 Aqueous solution of phenol, 2-CP or 4-CP alone without any 
catalyst in complete dark 

2.	 Phenol, 2-CP or 4-CP aqueous solution in absence of cata-
lyst under sunlight 

3.	 Phenol, 2-CP or 4-CP aqueous solution in presence of parent 
TiO2 alone  in complete dark

4.	 Phenol, 2-CP or 4-CP  aqueous solution  in presence of par-
ent TiO2 alone  under sunlight

5.	 Phenol, 2-CP or 4-CP  aqueous solution  with parent zeolite 
Y alone   in complete dark

6.	 Phenol, 2-CP or 4-CP  aqueous solution with parent zeolite 
Y alone  under sunlight

7.	 Phenol, 2-CP or 4-CP aqueous solution with TiO2-zeolite Y 
as the catalyst in complete dark.

No measurable conversion could be recorded in (i) to (iii) and 

conversions achieved in (v) to (vii) were very much less (< 10%), 
while only in (iv) a significant amount of degradation (~50%) 
was recorded. It is clear from these blank experiments that the 
aqueous solutions of phenol, 2-CP and 4-CP are quite stable and 
do not have any tendency for self-oxidation. They do not under-
go any direct photolysis under solar radiation. zeolite Y  is not 
photocatalytically active, but acts as an adsorbent only. TiO2 
have photocatalytic activity but lack good adsorption capacity. 
The prepared catalyst TiO2-zeolite Y, show very little oxidative 
power with respect to phenol, 2-CP and 4-CP in absence of sun-
light. It may be noted that TiO2-zeolite Y was calcined at 773 K 
for 5 h before use. However, it was observed that when the cata-
lysts were used without calcination, the conversions were only 
marginally lower (Fig. 5). For the sake of reproducibility, the re-
sults obtained with the calcined catalysts are only reported here. 

Fig.5. Comparison of the solar photodegradation of phenol, 
2-CP and 4-CP with uncalcined TiO2-zeolite Y and calcined 
TiO2-zeolite Y catalyst

       
3.4.1 Effects of catalyst load
The effect of catalyst load on the photocatalytic oxidation of 
phenol over TiO2-zeolite Y was studied by using five different 
catalyst loadings of 0.2, 0.4, 0.6, 0.8 and 1.0 g L-1. As the catalyst 
load was increased from 0.2 to 1.0 gL-1 , conversion of phenol in-
creased from 64.0 to 85.0 %.  With 2-CP and 4-CP, catalyst load 
was increased from 0.4 to 0.8, 1.2, 1.6 and 2.0 g L-1 as conversion 
achieved was not significant with catalyst load < 0.4 g L-1. The 
initial reactant concentration (phenol, 2-CP and 4-CP) was kept 
constant (0.2 × 10-3 M) and the reactions were carried out for 
a constant time interval of 300 min. A smooth increasing trend 
with increasing catalyst load was observed. With 2-CP, conver-
sion increased from 58.3 to 76.0% and with 4-CP, conversion in-
creased from 42.9 to 68.0% as the catalyst load was varied from 
0.4 to 2.0 g L-1 . The results are presented in Fig.6.

Fig.6. Effects of catalyst load on photocatalytic degradation 
of phenol, 2-CP and 4-CP over TiO2-zeolite Y
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It was observed in the present work that there was an increase 
in conversion at the initial stage, but the increase in the catalyst 
load beyond a certain value did not increase conversion. For ex-
ample, with phenol, a sharp increasing trend was observed as 
catalyst load was increased from 0.2 to 0.6 g L-1, increase in con-
version became less rapid upto catalyst load 1.0 g L-1. But when 
catalyst load was increased beyond 1.0 g L-1, slight decrease in 
conversion was observed. The positive influence of increased 
catalyst load on solar photocatalytic conversion can be ex-
plained by the photocatalyst optical properties.  The total active 
surface area increases with increasing catalyst load, because of 
the penetration of solar radiation into the reaction mixture, as a 
result of which the number of hydroxyl and superoxide radicals 
increases.  The increased number of reactive centers generated 
by absorbed photons results in enhancement in the number of 
adsorbed reacting molecules, which in turn enhances the photo-
catalytic degradation [27]. 

However, beyond an optimal catalyst load, conversion decreases 
which can be attributed to the shielding (or shadowing) effect 
on the light. The number of adsorbed molecules does not further 
increase and the turbidity of the reaction mixture increases due 
to high catalyst load. As a result scattering of light takes place 
and penetration depth of solar radiation decreases [11, 28].    

3.4.2.	 Effect of Initial reactant concentration
The photocatalytic conversion had shown a gradual decrease 
with increasing concentrations of phenol, 2-CP and 4-CP at a 
constant catalyst load of TiO2-zeolite Y. As the initial concentra-
tion of phenol, 2-CP and 4-CP was increased from 0.2 × 10−3 M 
to 0.4 × 10−3 M,  0.6 × 10−3 M, 0.8 × 10−3 M and 1.0 × 10−3 M 
at a constant catalyst load (1.0 g L-1 for phenol and 2.0g L-1 for 
2-CP and 4-CP), the conversion of phenol decreased from 85.0 to 
81.0, 74.0, 67.1 and 66.0 %, 2-CP conversion decreased from 76.0 
to 74.9, 71.0, 69.7 and 67.0% and 4-CP conversion decreased from 
68.0 to 61.8, 57.0, 55.2 and 45.0% respectively. The results are pre-
sented in Fig. 7.

The decrease in conversion with increase in initial reactant con-
centration might be due to several factors such as saturation of 
active sites and the formation of intermediates on the surface 
of catalyst [29]. Moreover, the increased concentration affected 
penetration of solar radiation into the reaction mixture. At 
higher initial reactant concentration, fewer photons managed 
to reach the catalyst surface, as a result of which photocatalytic 
conversion was decreased.                       

Fig.7.  Effect of initial concentration on conversion of phe-
nol, 2-CP and 4-CP over TiO2-zeolite Y catalyst [Catalyst 
load 1.0 g L-1 for phenol and 2.0g L-1 for 2-CP and 4-CP, re-
action time 300min] 

3.4.3. Effect of pH of the medium
The effects of initial pH on the photocatalytic degradation of 
phenol, 2-CP and 4-CP over TiO2-zeolite Y catalyst  were stud-
ied within the pH  range of 2.0 to 12.0. The results are presented 
in Fig. 8. It was observed that pH of the reaction medium played 
a significant role in the photocatalytic degradation of phenol, 
2-CP and 4-CP.

Fig. 8. Effects of pH on photocatalytic degradation of phe-
nol, 2-CP and 4-CP over  TiO2-zeolite Y catalyst
An appreciable increase in conversion was observed for all the three 
phenolic compounds when the pH was in the lower side for all the 
catalysts.In case of phenol, as the initial pH was increased from 2.0 to 
3.0, a sharp increase (by 10 %) in conversion was recorded. Maximum 
conversion was achieved at pH 3.0. Conversion slightly decreased 
when pH was increased upto 6.0, though the decrease was not very 
significant. With further increase in pH upto 12.0, the conversion de-
creased gradually. On the other hand, an overall decreasing trend was 
observed for both the chlorophenols as pH was increased. Conver-
sion of both the chlorophenols slightly increased as pH was increased 
from 2.0 to 3.0, and beyond pH 3, conversion decreased. Conversion 
of 4-CP was very little at pH beyond 10 and became negligible at pH 
12.0. At the pH of the as-prepared aqueous solution of phenol, 2-CP 
and 4-CP  (pH 4.5 for phenol, pH 6.34 for 2-CP, 6.12 for 4-CP), conver-
sions achieved were 85.0%, 76.0% and 68.0 % respectively. 

The influence of pH on the degradation of phenolic compounds 
may be attributed to competitive factors including the dissocia-
tion of phenol, the adsorption of OH- and the adsorption of phe-
noxide ions [30]. The point of zero charge for TiO2 is around pH 
6.8 [31]. TiO2 particles were thus positively charged at pH lower 
than 6.8, and were negatively charged above that pH. When the 
phenol solution is acidic, an attraction between TiO2 photocata-
lyst and phenol molecules occurs and leads to an increase in the 
amount of phenol adsorbed on the positively charged surface 
of TiO2 photocatalyst. For solutions of pH greater than 6.8, the 
groups with negative charge on the TiO2 photocatalyst surface 
are likely to increase gradually. Thus low pH values can facilitate 
the adsorption of phenoxide ions on the surface of supported 
TiO2 photocatalyst, which enhances phenol degradation.

At a very low pH such as 1.0, the surface of TiO2 is occupied 
with H+ ions, and hence generation of OHº radical is retarded 
which in turn decreases conversion. High pH values favour the 
dissociation of phenol into phenoxide ion[30-32]. The phenoxide 
ion increases with increasing pH value and tend to replace the 
OH- on the TiO2 surface, which resulted in the reduction of OHº 
generation. Hence conversion decreased. The very low efficiency 
of the oxidation process of chlorophenols at pH>10.0 could be 
explained with this reason since chlorophenol in alkaline medi-
um is predominantly present as phenolate anion.

3.4.4. Effects of reaction time and kinetics of oxidation
It was found that the solar photocatalytic oxidation of phenol, 
2-CP and 4-CP increased as the reaction time was increased 
from 15 to 300 min (Fig. 9).
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Fig. 9. Effects of reaction time on photocatalytic degrada-
tion of phenol, 2-CP and 4-CP over TiO2-zeolite Y (reactant 
concentration 1.0 × 10-3 M, catalyst load: for phenol 1.0 g 
L-1 and for 2-CP and 4-CP 2.0 g L-1)
The apparent first- order rate coefficients of the reactions were 
obtained by plotting log Ct vs. time (Fig. 10) according to Lager-
gren pseudo first order kinetics. Very good linear plots were ob-
tained for all the three reagents (regression co-efficient R = 0.96 
– 0.98). The first-order rate coefficient, k1 for solar photodegra-
dation of phenol, 2-CP and 4-CP were calculated to be 4.4× 10−3, 
3.9× 10−3 and  2.1× 10−3 min–1 respectively.

Fig.10. First-order kinetic plots of photocatalytic oxidation 
of phenol, 2-CP and 4-CP over  TiO2-zeolite Y 
In the present work, the apparent first order rate constant was 
found to decrease with the increase in reactant concentration. 
This can be attributed to the increased number of intermediates 
generated during the photocatalysis at higher initial concentra-
tion of phenolic compounds[27].The number of chlorine atoms 
present and their position on the aromatic ring had significantly 
different effects on the oxidation rate of chlorophenols. The deg-
radability sequence of the phenol, 2-chlorophenol and 4-chloro-
phenol under study was:Phenol > 2-CP > 4-CP.

The effect of substitution of ring H by Cl on the aromatic ring 
on the degradability of chlorophenols is mainly caused by 
σ-electron withdrawing conductive effect, p-electron donating 
conjugative effect, and steric hindrance effect of chlorine [33]. 
The impact of steric hindrance effect of chlorine at ortho posi-
tions is more significant. The Cl at para position not only pro-
duced σ-electron withdrawing conductive effect but also might 
be dechlorinated when it was attacked by •OH radical. This 
markedly inhibited the oxidation reaction.   

are easily available. Moreover, catalyst preparation is a simple 
process which makes it green alternative for treatment of pol-
luted water. The degradation of pollutants using renewable solar 
energy is highly economical process compared with the process-
es using artificial UV radiation which require substantial electri-
cal power input.
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