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Abstract—TiO, deposited on granular activated carbon (TiO,/GAC) was used for photocatalytic degradation of phenol.
The effects of photocatalyst loading, initial substrate concentration and addition of an oxidizing agent as H,0, were
investigated using a one-factor-at-a-time experiment. Central composite design, an experimental design for response
surface methodology (RSM), was used for the modelling and optimization of the phenol degradation. Analysis of vari-
ance (ANOVA) indicated that the proposed quadratic model was in agreement with the experimental case with R* and
R}, correlation coefficients of 0.9760 and 0.9544, respectively. Accordingly, the optimum conditions for phenol deg-
radation were a photocatalyst loading of two layers, initial phenol concentration of 34.44 mg L™ and H,O, concentration
of 326.90 mg L. The TiO,/GAC was used for five cycles with phenol degradation efficiency still higher than 90%.
Finally, the phenol that remained adsorbed on GAC was able to migrate to TiO, and then photocatalytically be degraded.
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INTRODUCTION

Contamination of water by phenol and its derivatives is a seri-
ous problem experienced by nations throughout the developed and
developing countries. Phenols have been widely used by many indus-
tries such as petrochemical, petroleum refineries, phenolic resin manu-
facturing, textile, paint, plastic, paper-making and iron smelting [1].
The releases of these untreated organic pollutants into the environment
are of high priority concern since they are harmful to organisms at
low concentrations and many of them have been listed as hazard-
ous pollutants by both the US Environmental Protection Agency
and the European Commission [2,3]. The ingestion of such con-
taminated water into the human body also can cause paralysis of
the central nervous system and damage the kidney, liver and pan-
creas [4]. Due to their high toxicity and recalcitrant nature, the re-
moval to innocuous levels is an arduous process for many biologi-
cal, physical and chemical processes [5,6]. Therefore, suitable and
efficient wastewater treatment methods for removing the phenols
from the wastewater must be considered.

The use of the heterogeneous photocatalysis for the oxidation of
organic and inorganic pollutants in both water and air has been ac-
tively studied in the past 20 years [2,5,7-12]. The preferential use
of TiO, for the photocatalytic degradation of organic pollutants is
based on its low cost, non-toxicity and photochemical stability. This
process is based on the formation of nonselective and highly reac-
tive radicals such as hydroxyl radicals (*OH), which can attack a
wide range of organic pollutants by converting them into carbon
dioxide, water and other associated inorganic salts. However, fine
TiO, powder is generally accompanied by complications arising
from the need for separation of the powder from the treated pollut-
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ants, which prevents the large-scale applications of this promising
method.

Several efforts have been adopted to enhance the separation per-
formance of TiO,, such as immobilization of TiO, onto various sup-
ports [11-18]. But the photocatalytic efficiency of pollutant degra-
dation is usually decreased due to the mass transfer limitation when
some materials without adsorption ability, such as glass and stainless
steel are used as supports [13,14]. To enhance the mass transfer,
some sorbents as the supporter of photocatalyst have drawn the at-
tention of researchers. These sorbents used often contain silica gel
[15], zeolite [11,17] and activated carbon (AC) [12,16,18]. Among
them, AC is most commonly employed as catalyst support for TiO,
due to its unique characteristics such as large specific surface area,
highly developed porosity, strong adsorption capacity and superior-
ity of low cost. Ao et al. [16] have prepared nanocrystal anatase
TiO, particles deposited on AC at low temperature by sol-gel method.
Their work showed that phenol pollutants were adsorbed by AC,
and then migrated continuously onto the surface of TiO, for subse-
quent photocatalytic degradation. In the same vein, Ravichandran
et al. [18] investigated the photocatalytic activity of immobilized
commercial TiO, (Degussa P25) onto AC. Their results also indi-
cated that there was a synergistic effect and a common interface, in
which the adsorbed pollutants on AC were transferred to TiO,-P25.
Hence, when combining the roles of both adsorption and photocat-
alytic degradation, TiO,/AC is expected to be a promising photocat-
alyst for the removal of organic pollutants from aqueous solution.

Furthermore, it was stated that the photocatalytic degradation ef-
ficiency of this process is dependent on numerous process parame-
ters such as photocatalyst loading, initial substrate concentration, pH
value, light intensity, air flow rate and presence of added oxidant
species; working conditions are case-specific and need to be care-
fully optimized. The majority of recent studies concerned with the
effects of these process parameters on the photocatalytic degradation
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efficiency were performed using a one-factor-at-a-time approach,
where this approach assesses one parameter at a time instead of all
simultaneously. The method is time consuming, expensive and often
leads to misinterpretation of results when interactions between dif-
ferent components are present [19]. To overcome these drawbacks,
one of the statistical design tools, so-called response surface meth-
odology (RSM), can be used for process optimization and predic-
tion of interaction between several process parameters and one or
more dependent parameters. According to literature reports, RSM
has been proven to be effective for the photocatalytic degradation
process for wastewater treatment. Among them, one can refer, for
instance, to the degradation of different dyes [20-22], metal ions
[23,24] and other industrial effluents [19,25]. However, at the present
time, there are limited studies dealing with the application of RSM
that have been reported on the treatment of phenol present in waste-
water.

Considering the above-mentioned facts, the present study aimed
at investigating the photocatalytic degradation of phenol with TiO,
deposited on granular activated carbon (TiO,/GAC) prepared using
a hydrothermal method. Its photocatalytic activity was evaluated in
a fluidized bed reactor. RSM was applied to access the individual
and interactive effects of several process parameters on the photo-
catalytic degradation efficiency. Central composite design (CCD),
which was the most widely used form of RSM was employed to
investigate the effects of important process parameters such as pho-
tocatalyst loading (layer), initial substrate concentration (mg L™)
and H,0, concentration (mg L™).

EXPERIMENTAL

1. Preparation of TiO,/GAC

TiO, was prepared by a hydrothermal method [9] and subsequently
immobilized on GAC. The procedure for the preparation of TiO,/
GAC was as follows: titanium tetraisopropoxide (TTIP, 98%+) was
initially dissolved in isopropyl alcohol. After being stirred for 30
min, deionized water was added drop by drop under vigorous stir-
ring. After being stirred for 30 min, HCI was then added to the mix-
ture. The molar ratio of the mixture was 1 TTIP: 39.2 C;H,O: 1 H,O:
0.08 HCI. The sol was further stirred for 2 h for the formation of a
homogeneous solution. The resulting sol was then transferred into
a stainless steel Teflon-lined autoclave for hydrothermal treatment
(temperature: 180 °C, time: 2 h). The hydrothermally synthesized
TiO, colloidal solution was used for the next coating process. Before
2 g of GAC (grain size about 1.2 mm) was used as the support, it
was pre-washed with deionized water and dried in an oven at 60 °C
for 12 h. The ratio of TiO, colloidal solution to GAC was 1 : 1 for
the coating process. After coating, it was heated in an oven at 180 °C
for 1 h. As a result, TiO,/GAC was completed with a white layer
on the surface of GAC. The process dip-coating to heat treatment
was repeated to obtain the desired amount of deposited TiO,. Finally,
the amount of deposited TiO, was calculated by weighing the mass
difference of GAC before and after deposition.
2. Catalyst Characterization
2-1. XRD, SEM and BET Analysis

XRD analysis of the TiO,/GAC showed that the crystal phase of
TiO, deposited on the surface of GAC was anatase, and the average
crystallite size determined from the diffraction peak broadening by
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Fig. 1. XRD patterns of GAC, TiO,/GAC and TiO.,. (A: anatase).

Fig. 2. SEM image (x1,000) of TiO,/GAC.

using the Scherer’s formula [26] was 7.7 nm (Fig. 1). In addition,
the SEM image (Fig. 2) of the catalyst indicated that agglomerated
TiO, particles were well deposited on the surface of GAC and some
of them were distributed within the GAC macro-pores. Furthermore,
the BET surface area of TIO,/GAC, TiO, and GAC was 840 m* g,
50m’ g and 873 m* g, respectively, which indicated that the sur-
face area of the TiO, had been enlarged after being deposited on
GAC. On the other hand, the surface area of TiO,/GAC was less
when compared to GAC, because the deposited TiO, particles oc-
cupied the pores of GAC.
2-2. Photocatalytic Experiments

All photocatalytic experiments were carried out in a fluidized
bed reactor (Fig. 3). A quartz glass column of about 55 mm in inner
diameter, 60 mm in outer diameter and 600 mm in height was used
as the main chamber for the photocatalytic reaction. The quartz col-
umn was surrounded by four 20 W germicidal UV lights (Sankyo
Denki Co. Ltd.) with a maximum emission at 254 nm and total UV
intensity measured by radiometer (Cole-Parmer, Series 9811) of
921 uW em™. The UV lights and quartz column were enclosed in a
stainless steel shield to avoid release of radiation and heat. 1,400
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Fig. 3. Fluidized bed reactor. (1) air compressor; (2) air filter; (3)
pressure gauge; (4) rotameter; (S) UV lamp; (6) quartz glass
column and (7) thermocouple.

mL of phenol solution was implemented to the reactor each time,
and H,0, was also added to the reactor. An air diffuser was placed
at the bottom of the reactor to uniformly disperse air into the solution
and fluidized with air at a flow rate of 2 L min™'. All experiments
were conducted in batch mode and reaction temperature of 30 °C.
Samples were withdrawn at the specific time intervals and filtered
through 0.4 um millipore filters to remove the particles. The filtrate
was then analyzed by HPLC (Perkin Elmer Series 200) using C/8
column (150 mm-lengthx4.6 mm-IDx5 pm-particle size) with a
mobile phase mixture of water 60% (v/v) and acetonitrile 40% (v/v)
at a flow rate of 1 mL min™". The wavelength of detector was set at
238 nm. To determine the reproducibility of the results, at least dupli-
cated runs were carried out for each condition for averaging the re-
sults, and the experimental error was found to be within +4%.
2-3. Experimental Design and Optimization

Experimental design of the photocatalytic degradation of phenol
by TiO,/GAC was carried out using the RSM. RSM is a collection
of mathematical and statistical techniques that are useful for the mod-
eling and analysis of problems in which a response of interest is
influenced by several variables and the objective is to search opti-
mum conditions for the response [27]. RSM consists of an empiri-
cal modeling technique devoted to the evaluation of relations existing
between a group of controlled experimental factors and the observed

Table 1. Experimental range and levels of independent variables

results. RSM is a well-known efficient experimentation technique
that has been applied in a wide range of chemical reactions and in-
dustrial processes for the purpose of either producing high quality
products or operating the process in a more economical manner to
ensure the process in a more stable and reliable way [28]. When-
ever several input variables may influence the process performance
measure, RSM can be utilized to assess the relationship between
input variables (independent variables) and process performance
measure (response) as well as to identify the optimum conditions
for relevant processes.

In this study, a face-centered central composite design (CCD),
which is a widely used form of RSM, was selected for the optimi-
zation of photocatalytic degradation of phenol using TiO,/GAC.
The CCD is an ideal design tool for sequential experimentation and
allows testing the lack of fit when an adequate number of experi-
mental values are available [27]. A three factorial and two level CCD
(low (-1) and high (+1)), with six replicates at the center point lead-
ing to a total number of 20 experiments was employed for response
surface modeling, The variables (independent factors) used in this
experiment were the photocatalyst loading (x;), initial phenol con-
centration (x,) and H,O, concentration (X;). Phenol degradation ef-
ficiency (Y) was considered as the response (dependent factor). The
real values of process variables and their variation limits were selected
based on the values obtained in preliminary experiments and coded
as shown in Table 1. Performance of the process was evaluated by
analyzing the response of phenol degradation efficiency after 70 min
of reaction.

In the optimization process, the responses can be simply related
to chosen variables by linear or quadratic models. A quadratic model
is given as follows:

Y:b0+zbixi+zbiixf+zbuxrx/ 1

where Y is dependent response (phenol degradation efficiency, %);
x; and X, are the independent variables; b,, b, (i=1, 2 and 3), b, and
b, (i=1, 2 and 3; j=1, 2 and 3) are the model coefficients, respec-
tively. Experimental results were analyzed using Design Expert soft-
ware (DOE) version 6.0.6 (STAT-EASE Inc., Minneapolis, USA) and
a regression model was proposed. Analysis of variance (ANOVA)
was performed based on the proposed model to find the interaction
between the process variables and the response. The quality of the
fit for the polynomial model was expressed by the coefficient of
determination (R?, R},;), and statistical significance was checked by
the F-value (Fisher variation ratio), P-value and adequate precision
in the same program. Model terms were selected or rejected based
on the probability value with 95% confidence level. Finally, two-
dimensional contour plots and three-dimensional response surface
plots were drawn in order to visualize the individual and the interac-
tion effects of the independent variables on phenol degradation.

Range and levels

Variables Coded

-1 0 +1
Photocatalyst loading (layer) X, 30 50 70
Initial phenol concentration (mg L™") X, 1(029gL™ 2(0.32gL™h 3(036gL™
H,0, concentration (mg L") Xs 200 300 400

January, 2011
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Fig. 4. Effect of photocatalyst loading on the photocatalytic degra-
dation of phenol ([phenol]=50 mg L™; reaction time t=90
min).

RESULTS AND DISCUSSION

1. Effect of Photocatalyst Loading

The influence of photocatalyst loading on the photocatalytic deg-
radation of phenol was carried out by 1, 2, 3 and 4 photocatalyst
coating layers corresponding to the photocatalyst loading of 0.29,
0.32,0.36 and 0.39 g L™ (weight of TiO, thin film per liter of solu-
tion), respectively. Fig. 4 shows the effect of photocatalyst loading
on photocatalytic degradation of phenol. As can be seen in the figure,
the degradation efficiency of phenol increased from 85.4% to 89.8%
with photocatalyst loading from 0.29 to 0.32 g L™'. However, at higher
photocatalyst loadings as 0.36 and 0.39 g L', the degradation effi-
ciency of phenol decreased to 82.5% and 80.2%, respectively. This
can be compared with 60.9% phenol loss for the same experiment
carried out with GAC presence in the UV irradiation (absence of
TiO,). When investigating separate UV irradiation (photolysis) and
GAC in the absence of UV light (adsorption), the phenol losses were
10.3% and 48.2%, respectively, in 90 min (diagram not shown).
The phenol losses by photocatalysis degradation were much higher
than those of photolysis and adsorption process, which implied that
the combination of TiO, and GAC under UV irradiation can obtain
a better performance. This phenomenon can be attributed to the TiO,
loaded on GAC surface and will be further discussed in Section 3.6.

The effect of photocatalyst loading on the photocatalytic degra-
dation of phenol can be explained in terms of the active sites on
the TiO, available for photocatalytic degradation and the penetra-
tion of UV light into the deeper TiO, layers [11,17,29]. As the load-
ing of photocatalyst increased, an increase in the number of active
sites of TiO, was obtained. The increase in the number of photons
absorbed and also the amount of phenol molecules adsorbed on the
TiO, surface enhanced the photocatalytic degradation [29]. How-
ever, when the loading of photocatalyst was overdosed, the degra-
dation efficiency of phenol decreased due to the interception of the
UV light to reach the deeper TiO, layers. Mahalakshmi et al. [17]
added that as the excess photocatalyst prevented the irradiation, *OH
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Fig. 5. Effect of initial phenol concentration on the photocatalytic
degradation of phenol. (photocatalyst loading=two layers;
reaction time t=90 min).

radical as a primary oxidant in the photocatalytic system decreased
and the efficiency of the degradation was reduced accordingly. More-
over, higher loading of TiO, also caused agglomeration of TiO, on
the GAC support [17]; hence a part of the photocatalyst surface be-
came unavailable for photon absorption and degradation efficiency
of phenol decreased.
2. Effect of Initial Substrate Concentration

The dependency of photocatalytic degradation of phenol on the
initial substrate concentration is presented in Fig. 5. The examined
range of the initial phenol concentration varied from 30 to 180 mg
L. As can be seen, the initial phenol concentration had a pro-
nounced effect on the amount of phenol degraded. At the same il-
lumination time, the degradation efficiency of phenol decreased with
increasing initial phenol concentration. For the initial phenol con-
centration of 30 mg L™, complete phenol degradation was observed
after 90 min of reaction. Additionally, the phenol degradation effi-
ciency was found to be 89.8%, 80.1%, 74.0% for the initial phenol
concentrations of 50, 70 and 90 mg L™, respectively. In compari-
son, for the higher initial phenol concentration of 180 mg L™, 40.5%
of phenol still remained in treated phenol after 90 min of reaction.

The initial substrate concentration dependence of the degradation
efficiency of phenol could be attributed to three possible reasons:
first, at high phenol concentrations, the generation of *OH radicals on
the surface of catalyst is reduced [30]. The *OH radicals are formed
by the reactions of valence band positive holes (h,;) with adsorbed
OH" anions and water. Since most of the active sites on the surface
of TiO, are covered by phenol molecules at high phenol concentra-
tions, there are only fewer active sites available for the adsorption
of OH™ anions. Second, with the increase in the phenol concentration,
the UV light absorbed by the phenol is more than that of photocat-
alyst. Consequently, fewer photons managed to activate the photo-
catalyst surface for *OH radicals generation [31,32]. The third pos-
sible reason is the interference of intermediates formed upon the
degradation of phenol. Sobczyniski et al. [33] have reported that
the intermediates such as hydroquinone, catechol, resorcinol and p-
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Fig. 6. Effect of H,O, on the photocatalytic degradation of phenol
(photocatalyst loading=two layers; [phenol]=50 mg L™'; reac-
tion time t=90 min).

benzoquinone formed during the phenol degradation were strongly
adsorbed on the surface of photocatalyst and competed with phe-
nol molecules for the same active sites on the surface of photocata-
lyst, thus inhibiting the degradation efficiency of phenol.

3. Effect of H,0,

The role of H,0, in the photocatalytic degradation of phenol was
studied in the range from 0 to 400 mg L. Fig. 6 illustrates the effect
of H,O, on photocatalytic degradation of phenol. As can be seen,
the degradation efficiency of phenol increased with increasing H,O,
concentration. After 90 min of reaction, the degradation efficiency
of phenol increased from 89.8% to 98.7% with H,O, concentration
increased from 0 to 200 mg L. At higher H,O, concentration as
400 mg L', complete degradation of phenol was observed after 90
min of reaction.

It has been well established that the major step of energy waste
in the photocatalytic reaction of TiO, is the recombination of e~
h,, pairs that leads to low quantum yield [32,34]. Hence, the pre-
vention of e -h,; recombination becomes very important. This can
be achieved by adding a proper electron acceptor such as H,0, to
the system. H,O, can act as an alternative electron acceptor to oxy-
gen to prevent the e;-h;; recombination (Eq. (2)) [34]. Moreover,
H,0, also can react with the O, radicals, increasing the genera-
tion of *OH radicals (Eq. (3)) [35].

H,0,+e,, —>+*OH+OH" )
H,0,+0,+ —+OH+OH +0, 3)

Further, H,O, also can split photocatlytically to generate *OH
radicals via UV irradiation at 254 nm (Eq. (4)). Irmak et al. [36]
reported that the increasing in efficiency of photocatalytic degrada-
tion after the addition of H,O, was ascribed to the extra formation
of *OH radicals due to hemolytic cleavage of bonds holding two
hydroxyl groups during the photolysis.

H,0,+hv—2+0H @)

January, 2011

Table 2. Experimental and predicted degradation efficiency of phe-

nol (%)
Variables Response (%)
Run

Xy Xy X3 Y Y, red

1 -1 -1 -1 95.8 95.8
2 1 -1 -1 94.1 93.8
3 -1 1 -1 90.6 90.4
4 1 1 -1 84.2 84.6
5 -1 -1 1 100 99.5
6 1 -1 1 100 100
7 -1 1 1 95.1 95.3
8 1 1 1 92.2 92.0
9 -1 0 0 92.7 93.3
10 1 0 0 90.6 90.7
11 0 -1 0 99.1 99.9
12 0 1 0 93.3 93.2
13 0 0 -1 93.7 93.8
14 0 0 1 98.9 99.4
15 0 0 0 96.8 95.6
16 0 0 0 95.8 95.6
17 0 0 0 94.5 95.6
18 0 0 0 95.6 95.6
19 0 0 0 96.9 95.6
20 0 0 0 95.3 95.6

As expected, H,0, showed a beneficial effect on the photocatalytic
degradation of the phenol under investigation as evident from Fig. 6.
4. Central Composite Design Experiment

Table 2 shows the CCD with photocatalyst loading, initial phe-
nol concentration and H,O, for 20 experimental runs. The observed
degradation efficiency of phenol varied between 84.2% to 100%,
and the model predictions matched these experimental results satis-
factorily. The result obtained after CCD was then analyzed by stand-
ard analysis of variance (ANOVA), which gave the following regres-
sion equation (in terms of coded factors) (Eq. (5)):

Y=95.60—1.31 x,—3.36 x,42.78 x,—3.63 x}+0.92 x3
+1.02 x2—0.95 x,%,+0.65 X,%,+0.65 X,X; )

where x,, X, and x; represent photocatalyst loading, initial phenol
concentration and H,0O, concentration, respectively.

ANOVA results of this model for phenol degradation are sum-
marized in Table 3. The degree of significance of each variable is
represented in this table by its P-value. When a variable has a P-
value smaller than 0.05, it influences the degradation efficiency of
phenol response at a confidence level of 0.95. It can be seen from
Table 3 that the linear effects of photocatalyst loading (x,), initial
phenol concentration (x,) and H,O, concentration (x;), second order
effect of photocatalyst loading (x,), as well as interaction effects of
photocatalyst loading with initial phenol concentration (x,x,) and
photocatalyst loading with H,O, concentration (x,x;) were signifi-
cant factors. Other than that were said to be insignificant as the P-
value is greater than 0.0500. However, these model terms are not
eliminated from the analysis. Montgomery [27] reported that elimi-
nating these terms would reduce the dimensionality of the response
surface and consequently the misinterpretation would occur more
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Table 3. Analysis of variance (ANOVA) for the degradation efficiency of phenol (%)

89

Source Sum of squares Freedom degree Mean square F-Value P-Value
Model 257.26 9 28.58 45.14 <0.0001
X4 17.16 1 17.16 27.10 0.0004
X, 112.90 1 112.90 178.28 <0.0001
X, 77.28 1 77.28 122.04 <0.0001
X 36.18 1 36.18 57.14 <0.0001
X, 2.34 1 2.34 3.70 0.0834
X5 2.88 1 2.88 4.54 0.0589
XX, 7.22 1 7.22 11.40 0.0070
XX, 3.38 1 3.38 5.34 0.0435
XX, 0.72 1 0.72 1.14 0.3114
Residual 6.33 10 0.63

Lack of fit 2.14 5 0.43 0.51 0.7600
Pure error 4.19 5 0.84

R’=0.9760, R%,=0.9544, Std. Dev.=0.80, Mean=94.76, Adeq. Precision=27.511, C.V.=0.84

easily. The accuracy and variability of the model can be evaluated by
the coefficient of determination R*. The R* value is always between
0 and 1. The closer the R* value to 1, the stronger the model is and
the better the model predicts the response [37]. As can be seen from

Phenol degradation (%)

0

xz Initial phenol concentration (mg L'l)

T
1 2 3

xp: Photocatalyst loading (layer)

Fig. 7. Response surface and contour plots of degradation efficiency
of phenol (Y%) for t=70 min as a function of photocatalyst
loading (x,) and initial phenol concentration (x,) in fixed
H,0, concentration (x;) at 300 mg L',

Table 3, the R* value 0.9760 for phenol degradation, which implied
that 97.60% of variations were explained by the independent vari-

Phenol degradation (%)
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Fig. 8. Response surface and contour plots of degradation efficiency
of phenol (Y%) for t=70 min as a function of photocatalyst
loading (x,) and H,O, concentration (x;) in fixed initial phe-

nol concentration (x;) at 50 mg L™".
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ables within the range studied and only 2.40% of the total variations
cannot be explained by the model. Moreover, the adjusted determi-
nation coefficient R}, value 0.9544 was also very high, which sug-
gested excellent correlations between the independent variables.
Adequate precision is a measure of the range in predicted response
relative to its associated error or, in other words, a signal to noise
ratio. A value greater than 4 is desirable in supporting the fitness of
the model [28]. According to the data in Table 3, the value of ade-
quate precision of 27.511 was found desirable. Simultaneously, low
value of the coefficient of variation (C.V.=0.84), indicated good
precision and reliability of the experiments.

After performing statistical analyses, the response surface analy-
sis was carried out in order to find the optimum conditions for the
degradation efficiency of phenol. Figs. 7-9 show the response sur-
face plots and contours for the optimization conditions of phenol
degradation. In each plot, two variables are varied while the third
variable is kept constant. From the response surface plots and con-

Phenol degradation (%)

250 / 40
x5 H:0: concentration (mg L™*) 200 30 x» Initial phenol concentration (mg LY

400
= 100
=
o 350
L]
=
2
"
£ 300
8
-
g
<
i 250
by

00 T T T

30 40 50 50 T0

xz Initial phenol concentration (mg L™)

Fig. 9. Response surface and contour plots of degradation efficiency
of phenol (Y%) for t=70 min as a function of initial phenol
concentration (x,) and H,O, concentration (x;) in fixed pho-
tocatalyst loading (x,) at two layers.

Table 4. Validation of the model

tours, it is easy and convenient to understand the interaction between
the three variables and optimum condition of each variable required
for maximum phenol degradation. The effect of photocatalyst load-
ing and initial phenol concentration at 300 mg L™' H,O, are illus-
trated in Fig. 7. As can be seen, degradation efficiency of phenol
increased with the decrease in initial phenol concentration at 300
mg L' H,0,. Fig. 8 shows the effect of photocatalyst loading and
H,0, concentration on phenol degradation, and shows that phenol
degradation increased with the increase in H,O, concentration at
zero level of initial phenol concentration. In Figs. 7 and 8, the degra-
dation efficiency of phenol is very sensitive to the change of photo-
catalyst loading. The degradation efficiency of phenol increases up
to a certain limit (2 layers) and then decreases with increasing photo-
catalyst loading. Fig. 9 shows the effect of initial phenol concentra-
tion and H,0, concentration at photocatalyst loading of two layers.
It can be seen that the degradation efficiency of phenol increased
with increasing H,O, concentration and decreasing initial phenol con-
centration. Complete phenol degradation was obtained at 30 mg L™
initial phenol concentration and 400 mg L' H,0, at two layers of
photocatalyst loading.

To validate the model, an experiment was carried out under pre-
dicted conditions, and the observed value for the degradation effi-
ciency of phenol is presented in Table 4. The experimental degra-
dation efficiency of phenol was 99.9%, which highly agreed with
that 99.5% predicted by the equation. The optimum conditions of
phenol degradation were obtained with photocatalyst loading of two
layers, initial phenol concentration of 34.44 mg L' and H,O, con-
centration of 326.90 mg L. As compared with the results obtained
from one-factor-at-a-time experiments, the optimum conditions were
photocatalyst loading of two layers, initial phenol concentration of
30mg L' and H,0, concentration of 400 mg L™'. This implied that
the quadratic regression model reasonably optimized the variable
conditions and predicted the degradation efficiency of phenol.

5. Recycling Catalytic Ability of TiO,/GAC

Recycling use of photocatalyst is very important for the practi-
cal applications. To evaluate the stability of TiO,/GAC, recycling
experiments were carried out under the optimal conditions based
on the results from the CCD model. For each new cycle, the photo-
catalyst was filtered, washed and left at room temperature during
24 h. The results are shown in Fig. 10. At the first cycle, 99.9% phenol
was degraded. As increasing recycling times, the efficiency of phe-
nol degradation decreased slightly, which was still higher than 90%
after being used for five cycles. The results revealed that the photo-
catalytic activity of TIO,/GAC has repeatability. Similar results were
also obtained in other studies on TiO, immobilized AC system [16,
38]. Ao et al. [16] reported that the reduction in efficiency of photo-
catalytic degradation after being reused was ascribed to the forma-
tion of intermediates and their accumulation on the surface of the
photocatalyst. On the other hand, the TiO, deposited on GAC al-
most did not release or dissolve into the solution, indicating that

Photocatalyst loading x, Initial phenol concentration x,
(layer) (mgL™)

H,O, concentration X, Degradation efficiency (%)
(mgL™) Predicted

Experimental

2 34.44

326.90 99.5 99.9
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Fig. 10. Photocatalytic efficiency of TiO,/GAC for phenol degra-
dation of five cycles (photocatalyst loading=two layers;
[phenol]=34.44 mg L™; [H,0,]=326.90 mg L'; reaction
time t=70 min).

the deposited TiO, was very stable.
6. Migration of Phenol from GAC to TiO, under UV Irradia-
tion

Taking into account the fact that both the adsorption and degra-
dation of phenol occurred in the as prepared TiO,/GAC, efforts have
been made to determine the quantity of phenol remaining on the
solid. In the present study, a method reported by Ao et al. [16] was
followed. After each certain reaction time, the solids in the absence
and presence of UV light were subjected to solvent extraction with
1 L of acetonitrile under sonication for 20 min. The results are shown
in Fig. 11. Blank preliminary experiments performed on GAC in
the absence of UV light have shown that phenol could be extracted
from GAC with extracted concentration for 90 min being 20.6 mg

30

25 4

20 A

—- GAC +dark

-0 TiO,/GAC+UV

Extracted phenol concentration (mg L")

() [—‘ T T T T T 1
0 30 60 90 120 150 180

Reaction time (min)

Fig. 11. Concentration of phenol extracted from GAC and TiO,/
GAC after being exposed to phenol solution for different
reaction times in the absence and presence of UV light, re-
spectively (photocatalytic loading=2 layers; [phenol]=50
mgL™").

L. This concentration was much higher than the extracted one (3.2
mg L") from the illuminated TiO,/GAC. In addition, the extracted
concentration from GAC in the absence of UV light increased gradu-
ally with increasing reaction time, while the extracted concentration
from the illuminated TiO,/GAC reached maximum and then de-
creased rapidly. After the reaction time was prolonged to 180 min,
the quantity of phenol remaining adsorbed on the illuminated TiO,/
GAC was reduced to nearly zero.

Since GAC has no photoactivity, the TiO, particles deposited on
the GAC must have played an important role in enhancing the con-
tinuous degradation of phenol in the presence of UV light. The de-
crease in the extracted concentration can be explained by the phenol
molecules that have been adsorbed and accumulated on the GAC dur-
ing the photocatalytic degradation were able to migrate to the surface
of TiO,, where they were degraded under UV irradiation. Similar
results were also reported by other researchers in the photocatalytic
degradation of phenol and other pollutant using TiIO,/AC [16,39].

CONCLUSIONS

The photocatalytic degradation of phenol in the presence of TiO,/
GAC was investigated in this study, focusing on the influence of
some parameters such as photocatalyst loading, initial substrate con-
centration and addition of an oxidizing agent as H,O,. The experi-
mental results demonstrated that an optimum photocatalyst loading
of two layers was needed to achieve a high degradation efficiency
of phenol. The photocatalysis worked best at low substrate concen-
tration as the degradation efficiency decreased with increasing initial
phenol concentration. Addition of H,O, can have a positive effect
on the degradation efficiency of phenol.

Using response surface methodology (RSM) to create a set of
experimental runs can reduce the number of runs required to opti-
mize the process variables compared with the one-factor-at-a-time
experiment method. This method provided sufficient statistical data
to fit the quadratic model for photocatalytic degradation of phenol.
Accordingly, the optimum conditions provided by the model were
at photocatalyst loading of two layers, initial phenol concentration
of 3444 mg/L and H,0, concentration of 326.90 mg/L. In com-
parison, for those obtained by the one-factor-at-a-time experiments,
RSM based on central composite design could be effectively adopted
to optimize the process multivariable and maximize the degrada-
tion efficiency of phenol. The TiO,/GAC was used for five cycles
with phenol degradation efficiency still higher than 90%. Finally,
phenol adsorbed to the surface of the GAC was able to migrate con-
tinuously onto the surface of TiO,, which enhanced the phenol deg-
radation efficiency greatly.
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