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Abstract−Response surface methodology (RSM) using D-optimal design was applied to optimization of photocat-
alytic degradation of phenol by new composite nano-catalyst (TiO2/Perlite). Effects of seven factors (initial pH, initial
phenol concentration, reaction temperature, UV irradiation time, UV light intensity, catalyst calcination temperature,
and dosage of TiO2/perlite) on phenol conversion efficiency were studied and optimized by using the statistical software
MODDE 8.02. On statistical analysis of the results from the experimental studies, the optimum process conditions were
as follows: initial pH, 10.7; initial phenol concentration, 0.5 mM; reaction temperature, 27 oC; UV irradiation time,
6.5 h; UV light intensity, 250 W; catalyst calcination temperature, 600 oC; and TiO2/perlite dosage, 6 g/L. Analysis of
variance (ANOVA) showed a high coefficient of determination (R2) of 91.8%.
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INTRODUCTION

More than 1000 compounds that are included in various lists of
hazardous substances identified by the U.S. Environmental Protec-
tion Agency (EPA) have been tested by photocatalytic technology.
The most-studied compounds are phenol derivatives, dye compounds
as a class, pesticides and herbicides as a class, oxides of nitrogen
and chlorinated solvents. Phenol and phenolic substances are used
as raw materials in petrochemical, chemical and pharmaceutical
industries. The photocatalytic, photoelectrochemical and photosono-
chemical of phenol degradation have been reported by several re-
search groups [1-3]. Many photocatalytic techniques were reported
for phenol destruction in aqueous solutions, for example, novel silica
gel supported TiO2 [4], TiO2 particulate film on indium tin oxide
coated glass [5], nafion-coated TiO2 [6], multi-walled carbon nano-
tubes (MWNT)-TiO2 composite catalyst [7], oxidation by H2O2/
TiO2 [8] and TiO2 fiber [9]. Also, most experimental work on aque-
ous systems has been performed using the photocatalyst in the form
of fine particles suspended in the liquid phase. In a waste treatment
application it would be simpler if the catalyst were immobilized in
the photoreactor, so the material would not have to be done with
immobilized catalysts. Titanium dioxide has been affixed to a vari-
ety of surfaces.

In a previous work, degradation of phenol was studied by immo-
bilization of TiO2 nano-particles on perlite as a new composite nano-
catalyst [10]. However, reaction conditions and catalyst preparation
variables have significant influence on achieving effective perfor-
mance. According to the literature, no experimental research exists
on the determination of the optimum conditions for photocatalytic

degradation rate by TiO2 on perlite.
The optimization procedures are usually based on univariate ap-

proaches which facilitate the interpretation of the results obtained,
but interactions between variables are not taken into consideration.
Consequently, a wrong maximum may be attained, leading to the
use of certain conditions in which the combination of the variables
is not that which provides the best analytical response [11].

To establish better conditions by relating all the factors consid-
ered, numerous experiments have to be carried out with all the pos-
sible parameter combinations, which is not practical [12]. The design
of experiments (DOE) is one approach, by taking a large number
of variables. Thus, it is the aim of the present study to determine
the optimum process conditions by using statistical DOE technique.
One of the most used multivariate tools is the D-optimal design.
The proposed method facilitates a systematic mathematical approach
to understand the phenol degradation process and the optimization
of near optimum design parameters, only with a few well-defined
experimental sets [13]. In this approach the main effects of the vari-
ables and their interactions are estimated. This is one of the greatest
advantages of multivariate optimization compared to univariate opti-
mization [13]. Another advantage is that the number of experiments
is considerably reduced. However, if the number of variables to be
optimized becomes large, this will increase the number of experi-
ments. Therefore, the selection of the most important process param-
eters is very essential. These parameters which would control the
degradation rate of the target compound are initial pH, initial pollut-
ant concentration, reaction temperature, UV irradiation time, UV
light intensity, calcination temperature, and TiO2/perlite dosage. It
has been demonstrated that catalyst dosage, initial concentration of
pollutant, UV light intensity, temperature, and pH of the solution
are the main parameters affecting the phenol degradation rate [14].

The main objective of this research was to determine the opti-
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mum experimental conditions of the photocatalytic degradation of
phenol by TiO2/Perlite catalyst. Since the aim of the successful degra-
dation was to find the suitable condition where maximum phenol
degradation is achieved, practical strategies were needed to design
the degradation process. A practical approach favors the predictive
design of degradation process using this technique and minimizes
the necessary time for the design of degradation process.

EXPERIMENTAL

1. Materials
Titanium dioxide P-25 was supplied by Degussa Company

(Degussa AG, Germany). Nitric acid, phenol, hydrochloric acid,
sodium hydroxide, ethanol were purchased from Merck (KgaA,
Darmstadt, Germany). The water employed in catalyst preparation
was deionized and the desired solutions of phenol concentration
were prepared in distilled water. All the other chemicals used were
of analytical grade.
2. Procedure & Instrumentation

Experiments were carried out in a photochemical reactor made
of Pyrex glass. In all experiments the solution was aerated to provide
the dissolved oxygen required for the reactions, agitation and removal
of heat of reaction away from reactor. Also, the UV radiation source
with various values of intensity was installed 15 cm above the cata-
lyst surface. The lamp was continuously cooled by compressed air
to keep the temperature down and protect the lamp from overheat-
ing. To minimize the loss of light irradiation and to improve utiliza-
tion of reflected and deflected light, a hexagonal aluminum box sur-
rounded the photoreactor and the UV lamp. Schematic diagram of
experimental setup was shown in Fig. 1.

Perlite granules were coated with TiO2 particles (Anatase/Rutile:
80/20, particle size around: 22 nm, surface area: 55 m2/g), and used
as a photocatalyst. Perlite is a volcanic glass able to expand 4-20
times of its original volume upon heating, resulting in flakes with
porosity greater than 95% [15]. The pieces of this material can easily
float on water surface due to its extremely low density, even after
being coated with TiO2 particles, without being precipitated or sus-
pended. It means that when TiO2 coated pieces of perlite, usually
available in the form of granules, are used as photocatalysts float-
ing on top of the polluted water solution, they can be in direct contact
with the polluted solution and the radiation source simultaneously,
and it can be located above the solution. This also eliminates the
need to use pumping to put the catalyst into contact with the solu-
tion, and no filtration is required either. The main chemical compo-

nents of perlite have been reported to be SiO2 (~67 mol%), Al2O3

(~13 mol%), Na2O (~6 mol%), K2O (~5 mol%), CaO (>1 mol%),
and others (<1 mol%) [15,16].

To coat supports with titanium dioxide, 0.5 g of titanium dioxide
powder is added to 18 mL ethanol as the base medium of the slurry
in which the titania powder can be properly dispersed. At the second
step, 1.5 mL of dilute nitric acid with a pH of 3.5 is added to slurry
in order to provide the proper acidity in the slurry, which is neces-
sary for the titania powder to be adequately dispersed. The slurry is
sonicated for 5 min to separate the flocculated titania powders and
obtain more uniform slurry. After the slurry is prepared and ready,
1 g of perlite granules (which are previously washed in deionized
water assisted by air bubbling) is added to the slurry. In the final
stage of coating process, the perlite granules which have adsorbed
enough titania slurry are filtered from the slurry and calcined at 450 oC
for 30 min. When coating process is completed and perlite granules
are cooled enough, they are once again washed in deionized water
assisted by air bubbling in a vessel for a few minutes in order to re-
move the titania which are not attached properly to the perlite gran-
ules. Details of catalyst preparation method were described earlier [10].

For each experiment, 250 mL solution of phenol with different
concentrations and various amounts of catalyst in a desired tem-
perature was filled into the reactor. The pH was adjusted by adding
a dilute aqueous solution of NaOH and HCl. At specific times sam-
ples were withdrawn from the reactor and centrifuged to remove
TiO2 particles before the analysis. However, the catalyst coating on
the perlite, at the end of reaction time 5% of initial TiO2 was washed
out, which means that the coating process needs improvement. The
clean transparent solution was analyzed by UV-vis spectroscopy
(UV-2100 spectrophotometer, UNICO, USA). The absorbance at
wave length between 270-290 nm was followed to determine the
phenol concentration [17]. Complementary analysis of the applica-
tion, such as TOC and COD, is recommended.
3. Statistical Analysis

Experimental design is the way to conduct and plan experiments
in order to extract the maximum amount of information from the
collected data in the presence of noise in the fewest numbers of ex-
perimental runs [13]. The basic idea is to vary all relevant factors
simultaneously over a set of planned experiments, and then con-
nect the results by means of a mathematical model. This model is
then used for interpretation, predictions and optimization. Due to
the complex dependence of the factors involved, D-optimal design
and response surface methodology (RSM) were employed to deter-
mine the optimal process conditions for the conversion of phenol
by photocatalytic reaction and better evaluate the interaction among
the factors. The Influence of the different factors affecting the con-
version of phenol like UV light intensity, initial pH, calcination tem-
perature, substrate concentration, UV irradiation time, catalyst dos-
age, and reaction temperature was studied using experimental design
techniques, according to Myers and Montgomery [13], with the as-
sistance of the commercial statistical software MODDE 8.02 from
Umetric (Umeå, Sweden). After fitting the data obtained for each
parameter with the above experimental design to full second-order
models, analysis of variance (ANOVA) for the models was per-
formed and the models’ significance was examined (Myers et al.,
2002). RSM is an effective technique for optimization of compli-
cated systems, which enables the evaluation of effects of multipleFig. 1. Simplified schematic diagram of experimental setup.
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parameters, alone or in combination with response variables [13].
A total of 37 experiments including five center points were gener-

ated and analyzed by the DOE. Parameter ranges were adjusted based
on primary investigations on a single factor.

RESULTS AND DISCUSSION

In the development of a degradation process, the number of the
necessary empirical experiments to determine the process condi-
tions can be reduced by using a practical approach that exploits the
known effects of system parameters on the degradation behavior
of phenol [13]. To analyze the effect of changes in parameters involved
and to model the dimensional accuracy for various degradation con-
ditions and to better evaluate the interaction between the parame-
ters, the D-optimal design and response surface methodology was
implemented. The adequacy of the model is also tested by the method
of analysis of variance (ANOVA) and additional degradation exper-
iments [13]. The levels of parameters are shown in Table 1, while
the detailed experimental designs with coded and actual values of
parameters are shown in Table 2. In our experimental design, we
use the UV intensity at 2 level and other parameters in 3 levels. It’s
due to the availability of UV intensity (125 and 250 W). This type
of design is one of standard experimental design [13].
1. Optimization of Process

A statistical model for an optimized phenol degradation employ-
ing the significant variables was determined by the response sur-
face regression procedure. The model based on response surface
methodology predicted with good accuracy the optimal conditions
for phenol degradation by photocatalytic process. Besides showing
the optimum conditions for degradation, the model describes an
interesting interaction between the variables. These interactions cause
the optimal level of one variable to change in response to change
in the other variables. This interaction is substantial and it might
have complicated the optimization if it had been conducted using
the “one variable at a time” approach.

After fitting the data obtained for each parameter with the above
experimental design to full second-order model (models contain-
ing all two parameter interactions), analysis of variance (ANOVA)
for the models was performed and the models significance was ex-
amined by Fisher’s statistical test (F-test) by testing for significant
differences between sources of variation in experimental results,
i.e., the significance of the regression (SOR), the lack of fit (LOF),
and the coefficient of multiple determination (R2) [13]. Since the

full second-order models (models containing all two parameter inter-
actions) were not accepted by the required tests, they were improved
by elimination of the models’ terms until the determined conditions
were fulfilled. The regression coefficients of the proposed accuracy
final models and their P-values (probability of error), which are used
to determine the significance, are shown in Table 3. For each elimi-
nation, the significance of model term of the model was F-tested
according to the following expression:

F=[SSdif /(p−g)]/[SSre/(n−p)] (1)

where SSre refers to the sum of squares of residuals in the reduced
model and SSdif refers to the difference between the sum of squares

Table 1. Process parameters and assigned levels

Symbol Variables
Level

Low
(−1)

Middle
(0)

High
(+1)

A UV light intensity (W) 125 --- 250
B Initial pH 2 7 12
C Calcination temperature (oC) 300 450 600
D Substrate concentration (mM) 0.5 1 1.5
E UV irradiation time (hr) 1 4 7
F TiO2 dosage (g/L) 6 11 16
G Reaction temperature (oC) 20 40 60

Table 2. D-optimal experimental design in coded and obtained ex-
perimental phenol conversion

Run
No.

Experimental Factors Exp.
resultsA B C D E F G

01 125 12 300 0.5 1 06 20 08.80
02 125 02 600 0.5 1 06 20 02.16
03 125 12 600 1.5 1 06 20 64.07
04 125 02 300 0.5 7 06 20 42.50
05 125 12 300 1.5 7 06 20 42.95
06 125 02 600 1.5 7 06 20 16.10
07 125 02 300 1.5 1 16 20 14.33
08 125 12 600 0.5 7 16 20 36.24
09 125 02 300 1.5 1 06 60 15.24
10 125 12 300 0.5 7 06 60 87.50
11 125 02 600 0.5 7 06 60 99.65
12 125 12 600 1.5 7 06 60 24.67
13 125 02 300 0.5 1 16 60 12.05
14 125 12 600 0.5 1 16 60 29.98
15 125 12 300 1.5 1 16 60 53.70
16 125 02 600 1.5 1 16 60 29.53
17 125 02 300 1.5 7 16 60 77.83
18 250 02 300 0.5 1 06 20 04.42
19 250 12 300 1.5 1 06 20 38.81
20 250 02 600 1.5 1 06 20 04.07
21 250 12 600 0.5 7 06 20 99.86
22 250 12 600 0.5 1 16 20 31.50
23 250 12 300 0.5 7 16 20 98.82
24 250 02 600 0.5 7 16 20 47.26
25 250 02 300 1.5 7 16 20 40.49
26 250 12 600 1.5 7 16 20 71.44
27 250 12 300 0.5 1 06 60 16.18
28 250 02 600 0.5 1 06 60 36.44
29 250 12 600 1.5 1 06 60 71.81
30 250 02 300 0.5 7 06 60 92.20
31 250 12 300 1.5 7 06 60 60.06
32 250 02 600 1.5 7 06 60 92.51
33 250 02 300 1.5 1 16 60 25.80
34 250 12 600 0.5 7 16 60 98.95
35 250 07 450 1.0 4 11 40 85.57
36 250 07 450 1.0 4 11 40 83.50
37 250 07 450 1.0 4 11 40 88.80
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of residuals in the complete and reduced models. The letters n, p,
and g refer to the total number of experiments, the number of par-
ameters in complete model, and the number of parameters in the
reduced model, respectively. If F-significance was lower than 95%
the reduced model was accepted. Otherwise, the discarded param-
eters with the highest significance were added until the condition
was fulfilled. If one of these conditions was not satisfied, the model
was accepted when R2>0.95, which means that more than 95% of
the data is explained by the model [13]. The regression coefficients
of the proposed accuracy final model and their p-values (probabil-
ity of error), which are used to determine the significance level, are
shown in Table 3. Analysis of variance of the final model resulted
in coefficients of determination and adjusted coefficients of deter-
mination for phenol degradation of 0.918 and 0.823, indicating the
adequacy of fit of the model with p-value 0.000. This indicates that
the model could explain 91.8% of the variability in the response.
Because R2 increases as the model terms (variables) are added to
the model, adjusted R2 could be used to check the amount of reduc-
tion in the variability of responses by using the regressor variables
in the model. In general, the adjusted R2 will not increase with the
addition of variables. In fact, if unnecessary terms are added, the
value of R2

adj will often decrease. In this case R2 and R2
adj are relatively

close to each other, which indicates that all the used terms in the
model are necessary for building the correct model [18]. As a func-
tion of these results, the analysis of variance (ANOVA) was per-
formed considering all the significant effects in Table 4.

The p-value for the lack of fit of the model indicates that the prob-
ability of error for the lack of fit was high and the model represents
the actual relationships of parameters well within the range selected.
The comparison between experimental results and their predictions
is shown in Fig. 2. It can be seen that the model can predict the re-

sults well in the selected variables range. In few points the devia-
tion is relatively higher, but the model can predict the conversion in
most range of the variables. Also, the practical conversion is maxi-
mum 100%. But the calculated response may be exceeding from
100%. This result is due to the nature of the model. From a physical
viewpoint it means that the response is at maximum level.

It was observed that UV irradiation time (p<0.0000) very high
significantly and initial pH (p<0.001) and reaction temperature (p<
0.002) high significantly affected degradation. Also UV light inten-
sity significantly (p<0.01) affects the response. In addition, substrate
concentration affected interactively with UV irradiation time (p<
0.001), and initial pH affected interactively with reaction tempera-
ture (p<0.005). UV irradiation time and initial pH had the most sig-
nificant effects on phenol degradation, respectively. They gave posi-
tive signals on the response. Substrate concentration and TiO2/perlite
dosage gave negative signals on phenol degradation. Interactions
of the initial pH with reaction temperature and UV irradiation time
had negative effect on the response, which means that initial pH
increases with simultaneous increase in reaction temperature or UV
irradiation results in lower phenol degradation. Also, the interaction
of substrate concentration with UV irradiation time gave negative
signal on response, which means that decreasing of substrate con-
centration with simultaneous increase in UV irradiation time in-
creases phenol degradation. Because at the higher substrate con-
centration, the increased amount of reactant molecules may also
occupy and/or block all the active catalyst sites present on the sur-
face of the photocatalyst and lead to decrease in degradation rate.
The second-order term of reaction temperature also had high sig-

Table 3. Coefficients and P-values of the factors for linear, qua-
dratic and interaction effects

Conversion Coefficient P
Constant 79.51480 1.92e-008

A 6.97916 0.00906
B 9.84204 0.00085
C 2.94604 0.24512
D −2.66118 0.29786
E 19.80930 1.21e-007
F −1.06850 0.67388
G 8.44848 0.00171
G2 −30.25440 0.00149
AB 3.59259 0.13858
AC 2.63225 0.27048
AE 4.24970 0.09633
BE −5.98095 0.01546
BG −7.31286 0.00433
CE −3.67597 0.11660
CF −6.25366 0.02110
DE −9.22547 0.00081
DF 3.53147 0.17026
DG −2.11774 0.36079
EG 3.34506 0.16784

Table 4. Analysis of variance (ANOVA)

Conversion DFa SSb MSc F P
Regression 19 33605.9 1768.73 9.7876 0.000
Lack of fit 15 3006.19 200.413 6.0830 0.150
Residual 17 3072.08 180.711
Total 37 130136 3517.2

R2=91.8%, R2 (adj)=82.3%
aSS, sum of squares
bDF, degree of freedom
cMS, mean square

Fig. 2. Predicted vs. experiment phenol conversion.
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nificant effect on phenol degradation. The quadratic sign of reaction
temperature is negative; hence, it represents some form of maxi-
mum (or approach to it) in the selected parameters ranges.

The calculated optimum process conditions are given in Table 5
by taking the models into account. These conditions were estab-
lished with effective parameters obtained by variance analysis con-
ducted at a 92% confidence level. For the examination of accuracy
of predicted optimum condition, the degradation was carried out
three times and the average value of 97.3% of the experimental phe-
nol conversion was obtained. It can be seen that the experimental
conversion results confirm the accuracy of optimization results with
3.4% of absolute average deviation. Also, the optimum condition
obtained in this paper is a global optimum. If we fixed some of the

variables (like calcination temperature) in one level, we could not
obtain a global optimum.
2. Effect of Initial pH

Fig.3 shows that the solution pH plays an important role in the pho-
tocatalytic process of various pollutants [18,19]. The pH of the suspen-
sion was adjusted to a different value by the addition of diluted solu-
tions of HCl and NaOH before irradiation. Photodegradation efficiency
of phenol was increased with increasing pH in the range of 2-12.

The point of zero charge (PZC) of the TiO2 (Degussa P-25) is at
pH~6.25. Therefore, in lower level of PZC, TiO2 surface is posi-
tively charged by means of adsorbed H+ ions and negatively charged
by means of adsorbed OH- ions specifically. Consequently, TiO2

takes advantage of its ability to generate hydroxyl radicals by oxi-
dation of adsorbed OH− or H2O molecules on to surface upon ir-
radiation with light of enough energy [20] as indicated in Eqs. (2)
and (3). The Positive-hole (h+

υB) of titanium dioxide which absorbs
UV radiation breaks the water molecule to form hydrogen gas and
hydroxyl radical (Eq. (2)) or creating of OH• from adsorbed OH−

(Eq. (3)). Therefore, the presence of large amounts of OH− ions on
the TiO2 surface favors the formation of OH• [21].

h+
υB+H2O→OH•+H+  (2)

h+
υB+OH−→OH• (3)

The interpretation of pH effect on the photocatalytic process is a
very difficult task because of its multiple roles such as electrostatic
interactions between the semiconductor surface, solvent molecules,
substrate and charged radicals that formed during the reaction pro-
cess. The ionization state of the photocatalyst surface can be proto-
nated and deprotonated under acidic and alkaline conditions, respec-
tively, as shown in Eqs. (2) and (3).
3. Effect of Substrate Concentration

In this set of experiments, the influence of substrate concentra-
tion (0.5 to 1.5 mM), on the degradation rate of phenol was investi-
gated. It can be seen that the conversion is constant with the increase
of concentration in the selected range (Fig. 4).

Table 5. The optimum process conditions on the degradation of
phenol by TiO2/Perlite catalyst

Variables Value
UV light intensity (W) 250
Initial pH 10.7
Calcination temperature (oC) 600
Substrate concentration (mM) 0.5
UV irradiation time (hr) 6.5
TiO2 dosage (g/L) 6
Reaction temperature (oC) 27
Predicted conversion (%) 99.47
Experimental conversion (%) 97.30a

R2=91.8%
aAverage of 3 replications

Fig. 3. 3D graph shows the effect of the initial pH (B) and calcina-
tion temperature (C) on phenol concentration response. The
color change from blue to red corresponds to increase in
responses. This figure is plotted by considering other vari-
ables at center points (Reaction temperature=40 oC, TiO2

dosage=11 g/L, Substrate concentration=1.0 mM, Calcina-
tion temperature=450 oC, Initial pH=7, and UV irradiation
time=4 hr).

Fig. 4. Contour plot of the phenol concentration response: UV ir-
radiation time (E) vs. substrate concentration (D). The color
change from blue to red corresponds to increase in re-
sponses. This figure is plotted by considering other variables
at center points.
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The constant rate of degradation with increasing pollutant con-
centration could be explained as follows: increasing phenol con-
centration generates high concentration of intermediate products,
which may adsorb on the surface of the catalyst, and even a slow
diffusion of the intermediate products from the catalyst may be ex-
pected which deactivates or blocks the catalytic sites of the photo-
catalyst. Consequently, a constant degradation rate was observed.
On the other hand, the generation and migration of the photogener-
ated electron-hole pair, and the reaction between photogenerated
hole (or hydroxyl radical) and organic compound are two processes
that occur in series. Therefore, each step may become rate deter-
mining for the overall process [14].
4. Effect of TiO2/Perlite Dosage

In the slurry photocatalytic process, initial reaction rate is affected
directly by catalyst dosage [22]. The optimal TiO2 dosage was re-
ported in an extensive range from 0.15 to 8 g/L for different geome-
try and working conditions of the photoreactor. For TiO2 (Degussa
P25), optimal concentration has a wide range from 0.15 to 2.5 g/L;
therefore, no general conclusion has been made [14]. Photocatalyst
dosage in the range of 6-16 g/L was selected. Each 11 gr of perlite
adsorb 1 g TiO2, so the TiO2 concentration range is 0.545-1.45 g/L.
Obviously, this range is in optimal range that was reported.

The increase in catalyst dosage can lead to the two opposite ef-
fects. The total active site increases with increasing catalyst dosage
but the UV light penetration due to increased scattering effect de-
creases. Due to these effects, conversion (%) does not change with
increasing TiO2 concentration in the selected range (Fig. 5).
5. Effect of UV Light Intensity

The UV illumination source used for the experiments was two
medium-pressure mercury lamps (Osram), one 125 W and the other
250 W. Fig. 6 shows that the photodegradation efficiency increased

with the increasing UV lamps power from 125 to 250 W. Lee et al.
[23] reported that the rate of photon of energy increased linearly as
the UV intensity increased. It means that the electron-hole genera-
tion process was positively affected by rate of photon irradiation.
Consequently, the rate of reaction closer to semiconductor surface
improves; thus, phenol conversion increases.
6. Effect of Calcination Temperature

The effect of calcination temperature, in the range of 350 oC to
600 oC, on phenol conversion is shown in Fig. 7. Due to low mechan-
ical strength of TiO2 coated perlite, the catalysts must be calcined
at high temperature. Calcination can lead to changes in the crystal
sized surface area, pore size, and TiO2 structure. The effects of cal-
cination temperature were studied by Hosseini et al. [10]. The SEM
images of perlite surface confirm the high porosity of perlite gran-
ules as a good support for titanium dioxide. The effect of calcina-
tion temperature in the case of TiO2/perlite composite shows that it
is calcined at 450 oC; the TiO2 grain size became larger than 350 oC

Fig. 5. 3D graph shows the effect of the TiO2/Perlite dosage (F) and
calcination temperature (C) on phenol concentration re-
sponse. The color change from blue to red corresponds to
increase in responses. This figure is plotted by considering
other variables at center points.

Fig. 6. Contour plot of the phenol concentration response: UV light
intensity (A) vs. UV irradiation time (E). The color change
from blue to red corresponds to increase in responses. This
figure is plotted by considering other variables at center
points.

Fig. 7. Contour plot of the phenol concentration response: UV light
intensity (A) vs. calcination temperature (C). The color
change from blue to red corresponds to increase in re-
sponses. This figure is plotted by considering other vari-
ables at center points.
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calcination process. Also, quality of coatings from the structural
point of view, i.e., whether or not the P-25 crystals have undergone
noticeable changes in structural properties such as rutile to anatase
phase ratio and crystallite size during the immobilization process
was assessed by analyzing XRD patterns. In the XRD pattern ob-
tained, for the sample coated on perlite as a disorder in the form of
an arc-shaped base line can be observed which shows that some of
the material present in the sample is amorphous. Noting that this
sample was ground without separating the perlite support itself, the
amorphous portion of the sample can be attributed to the perlite [10].
According to the literature [24,25], it is difficult to estimate the sepa-
rate contribution of each of them. In this study, no change was ob-
served in conversion at different calcination temperatures.

The nature of the photocatalyst determines the rate and efficiency
of the process. The P25 consists of mixed phase of TiO2, Anatase
and Rutile. The Anatase form of titanium dioxide has the desirable
properties of being chemically stable, readily available, and active as
a catalyst for the oxidation process. Rutile has a smaller band gap, 3.0
eV, but only a few reports observe photocatalytic activity for this form.
Rutile form is less effective than the oxidation of most organic com-
pounds. According to the literature [26], Anatase-Rutile phase trans-
formation took place at temperature between 600 and 800 oC.

Mills and Morris [27] reported that no loss in catalyst surface
area was observed when powdered P25 was calcined at a tempera-
ture lower than 600 oC, while the phase transition from Anatase to
Rutile occurred at a temperature above 600 oC. The result indicates
that catalyst activity was not affected by the phase transfer and chang-
ing of the surface area in the studied range (Fig. 7). These results
were similar to that presented by Fernandes et al. [28], who reported all
TiO2 samples calcined between 200 and 500 oC presented similar

phenol degradation percentages. Calcination temperature had no effect
on the activity of the powdered P25 catalyst at a high temperature [14].
7. Effect of Reaction Temperature

The influence of the temperature, in the range of 20 to 60 oC, on
the photodegradation efficiency of phenol was investigated. Fig. 8
reveals that the photodegradation efficiency increased with increas-
ing the temperature up to 40 oC and decreases afterwards. Accord-
ing to the Arrhenius equation, the rate of degradation was increased
with increasing temperature. But for temperatures above 40 oC there
is a significant decrease in oxygen solubility in water. As a result
of these two effects, the rate of reaction decreases.

The presence of an electron acceptor is necessary to remove the
photogenerated electrons for continuation of the photocatalyst oxi-
dation of organic compounds. Otherwise, the accumulated photons
in the catalyst particle will recombine with holes, which are the ini-
tiators of the photocatalytic reaction. The commonly used electron
acceptor is oxygen as it is easily available, soluble under most con-
ditions and non-toxic to the environment. Wag et al. [29] observed
that the photocatalytic activity was completely suppressed in the
absence of oxygen which has a profound effect on the rate of photo-
catalyzed decomposition of organic compounds. Alberici and Jardim
[30] found that the decomposition of phenol non-aerated solutions
containing TiO2 was much slower compared with aerated ones.
Sclafani et al. [31] found that the concentration decay of phenol was
much faster when oxygen was bubbled through the solution con-
taining Anatase TiO2 instead of He. The e- is picked up by oxygen
according to Eq. (4):

O2+e−→O2
−• (4)

It has been suggested that hydroxyl radicals (OH•) and superoxide
radical anions (O2

−•) are the primary oxidizing species in the photo-
catalyst oxidation process [32]. Chatterjee et al. [22] reported simi-
lar results earlier.
8. Effect of UV Irradiation Time

Increasing UV irradiation time will result in increasing the con-
version percentage (Fig. 4 and Fig. 6) due to the increase in the elec-
tron-hole generation. Also, according to Eqs. (2) and (3), hydroxyl
radical and superoxide radical formation increased as a result of
phenol conversion increasing.

CONCLUSION

The work presented here provides support for the degradation
of phenol as a model for environmental contaminant. The experi-
mental design used allows rigorous analysis of the factors influenc-
ing phenol degradation in a photocatalytic process. The optimum
process conditions obtained through a statistical method D-optimal
was successfully determined to maximize the phenol degradation.
The model predicted that UV irradiation time, initial pH, UV light
intensity and reaction temperature had significant effects on photo-
catalytic phenol degradation. Such an approach is extremely useful
for defining optimal condition for photocatalytic process in general.

REFERENCES

1. D. Vione, C. Minero, V. Maurino, M. E. Carlotti, T. Picatonotto and
E. Pelizzetti, Appl. Catal. B, 58, 79 (2005).

Fig. 8. 3D graph shows the effect of the reaction temperature (G)
and UV light intensity (A) on phenol concentration response.
The color change from blue to red corresponds to increase
in responses. This figure is plotted by considering other
variables at center points.



538 N. K. Jafarzadeh et al.

February, 2011

2. A. M. Peiró, J. A. Ayllón, J. Peral and X. Doménech, Appl. Catal.
B, 30, 359 (2001).

3. C. Wu, X. Liu, D. Wei, J. Fan and L. Wang, Water Res., 35, 3927
(2001).

4. Z. Ding, X. Hu, G. Q. Lu, P.-L. Yue and P. F. Greenfield, Langmuir,
16, 6216 (2000).

5. B. Eggins, J. A. Byrne, P. M. Dunlop and A. Davidson, Top. Issue
Glass, 3, 57 (1999).

6. M. S. Vohra and K. Tanaka, Environ. Sci. Technol., 35, 411 (2001).
7. E. Vigil, I. Zumeta, R. Espinosa, C. Nunez, J. A. Ayllon, L. Saadoun,

X. Domenech and R. Rodriguez-Clemente, Surf. Sci. Its Appl., Proc.
Lat. Am. Congr., 9th, Eds. Osvaldo De Melo, and Isaac Hernandez-
Calderon, 146-155, Singapore, Singapore: World Scientific Pub-
lishing Co. Pte. Ltd. (2000).

8. M. A. Barakat, J. M. Tseng and C. P. Huang, Appl. Catal. B, 59, 99
(2005).

9. H. Koike, Y. Oki and Y. Takeuchi, Mater. Res. Soc. Symp. Proc., 549,
141 (1999).

10. S. N. Hosseini, S. M. Borghei, M. Vossoughi and N. Taghavinia,
Appl. Catal. B, 74, 53 (2007).

11. E. Martendal, D. Budziak and E. Carasek, J. Chromatogr. A, 1148,
131 (2007).

12. S. V. Mohan, K. Sirisha, R. S. Rao and P. N. Sarma, Ecotoxicol. Envi-
ron. Saf., 68, 252 (2007).

13. R. H. Myers and D. C. Montgomery, Response surface methodol-
ogy: Process and product optimization using designed experiments,
John Wiley & Sons, New York (2002).

14. D. Chen and A. K. Ray, Appl. Catal. B, 23, 143 (1999).
15. M. V. Walter, M. Ruger, C. Ragob, G. C. M. Steffens, D. A. Hol-

lander, O. Paar, H. R. Maier, W. Jahnen-Dechent, A. K. Bosserhoff
and H. J. Erli, Biomaterials, 26, 2813 (2005).

16. T. K. Erdem, C. Meral, M. Tokyay and T. Y. Erdogan, Cem. Concr.
Compos., 29, 13 (2007).

17. N. Daneshvar, M. A. Behnajady and Y. Zorriyeh Asghar, J. Haz-
ard. Mater. B, 139, 275 (2007).

18. S. Sakthivel, B. Neppolian, M. V. Shankar, B. Arabindoo, M. Palan-
ichamy and V. Murugesan, Sol. Energy Mater. Sol. Cells, 77, 65
(2003).

19. C. Lizama, J. Freer, J. Baeza and H. D. Mansilla, Catal. Today, 76,
235 (2002).

20. M. R. Hoffmann, S. T. Martin, W. Choi and D. Bahnemann, Chem.
Rev., 95, 69 (1995).

21. N. Sobana and M. Swaminathan, Sep. Purif. Technol., 56, 101
(2007).

22. S. Chatterjee, S. Sarkar and S. N. Bhattacharyya, J. Photochem. Pho-
tobiol. A, 77, 183 (1993).

23. J. C. Lee, M. S. Kim, C. K. Kim, C. H. Chung, S. M. Cho, G. Y. Han,
K. J. Yoon and B. W. Kim, Korean J. Chem. Eng., 20, 862 (2003).

24. T. Ohno, K. Tokieda, S. Higashida and M. Matsumura, Appl. Catal.
A, 244, 383 (2003).

25. Y. Tanaka and M. Suganuma, J. Sol-Gel Sci. Technol., 22, 83 (2001).
26. D. J. Kim, S. H. Hahn, S. H. Oh and E. J. Kim, Mater. Lett., 57, 355

(2002).
27. A. Mills and S. Morris, J. Photochem. Photobiol. A, 71, 285 (1993).
28. N. R. C. F. Machado and V. S. Santana, Catal. Today, 107, 595

(2005).
29. C. M. Wang, A. Heller and H. Gerscher, J. Am. Chem. Soc., 114,

5230 (1992).
30. R. M. Alberici and W. F. Jardim, Water Res., 28, 1845 (1994).
31. A. Sclafani, L. Palmisano and E. Davi, New. J. Chem., 14, 265

(1990).
32. R. W. Matthews, J. Chem. Soc. Faraday Trans., 80(1), 457 (1984).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 200
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.33333
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /DetectCurves 0.000000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 290
  /ColorImageMinResolutionPolicy /Warning
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 290
  /GrayImageMinResolutionPolicy /Warning
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 800
  /MonoImageMinResolutionPolicy /Warning
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU <>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


