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ABSTRACT

Solar photocatalytic degradation of phenol by TiO2 (p25), which was immobilized on
powdered activated carbon (TiO2/AC) by temperature impregnation method, was
investigated. Solar compound parabolic collectors reactor with a capacity of 4.0 L was used.
Characterization of TiO2/AC by Brunauer–Emmett–Teller analysis, Fourier transform
infrared spectroscopy, and scanning electron microscope revealed successful impregnation
of TiO2 particles on activated carbon (AC). Fifty three percent degradation of phenol was
recorded at irradiation time of 30 min and increased up to 80% after 150 min using TiO2.
This was not the case for TiO2/AC, where the phenol was rapidly removed by a value of
40% within 15 min and complete degradation of phenol was attained at illumination time of
120 min. This indicates that immobilization of TiO2 on AC is very effective for phenol
degradation. Moreover, in TiO2/AC photocatalysis, the presence of aromatic intermediates
(catechol, hydroquinone, and p-benzoquinone) was relatively lower as compared to TiO2

photocatalysis. However, TiO2/AC photocatalysis of phenol degradation is strongly affected
by pH values and dosage of the catalyst, i.e. complete degradation of phenol was occurred
at pH value of 5.3 and dosage of 1.2 g/L. The photocatalytic degradation of phenol by
TiO2/AC followed the pseudo-first-order kinetic according to Langmuir–Hinshelwood
model. Costs estimation of full-scale solar oxidation plant with life time of 20 years was
assessed. The results showed that complete removal of phenol using TiO2/AC costs
3.19 €/m3.

Keywords: Photocatalysis; TiO2/AC; Phenol; Activated carbon; Compound parabolic
collectors

1. Introduction

Phenol is found in the wastewater generated from
several industries such as polymerization inhibitors,

petrochemical, paint, textile, oil refineries, photo-
graphic chemicals, antioxidants, and flavoring agents
[1,2]. Discharge of phenol-rich wastewater into water
streams in Egypt seriously causes environmental prob-
lems and harmful to human beings [3,4]. Therefore,
wastewater containing phenolic compounds should be*Corresponding author.

1944-3994/1944-3986 � 2014 Balaban Desalination Publications. All rights reserved.

Desalination and Water Treatment 57 (2016) 835–844

Januarywww.deswater.com

doi: 10.1080/19443994.2014.969319

mailto:mohamed.alkalla@ejust.edu.eg
mailto:ahmed.tawfik@ejust.edu.eg
mailto:sokawara@chemeng.titech.ac.jp
http://dx.doi.org/10.1080/19443994.2014.969319


treated prior discharging into the environment. Tradi-
tionally, the attention received by conventional biologi-
cal treatment far exceeds that of other treatment
processes, in part due to its low cost and versatility.
However, the presence of toxic and/or inhibitory
chemicals dramatically reduces the viability of
biological processes [5]. Advanced oxidation processes
(AOPs) have been realized as particularly efficient tech-
nologies for phenol and pesticides degradation [3,6,7].
In AOPs powerful reactive species like hydroxyl radi-
cals (�OH) are generated by specific chemical reactions
in aqueous solutions [8]. (�OH) is able to destroy even
the most recalcitrant organic molecules and convert
them into relatively benign and less persistent end
products such as CO2, H2O, and inorganic ions [9].
Among AOPs processes, heterogeneous photocatalysis
using artificial or solar irradiation has been recognized
to be effective for the degradation of several types of
phenolic compounds [10]. In the heterogeneous UV/
TiO2 technique, the ultraviolet light (λ < 400 nm) is
utilized as an energy source and TiO2 playing as a
semiconductor photocatalyst [11–13]. TiO2 is
distinctive with high surface area, good particle size
distribution, high chemical stability, and the possibil-
ity of using sunlight as a source of irradiation [14]. In
the photocatalysis oxidation process, the photons with
energies bigger than the band-gap energy cause the
excitation of valence band (VB) electrons which then
enhance the reactions with organic pollutants [15–17].
Illumination of the catalyst active surface with suffi-
cient energy contributes to the creation of a positive
hole (h+) in the VB and an electron (e−) in the conduc-
tion band. The positive hole oxidizes either the
organic pollutant or H2O2 to induce hydroxyl radicals
[18].

Several attempts have been made to load the TiO2

nanoparticles on different supports to enhance the
photocatalytic activity and make the separation of
treated effluent easier [19–21]. Coating surfaces with
TiO2 have relatively low photocatalytic efficiency
because of low particles dispersion and limited mass
transfer between the pollutants and the semiconductor
[17,22]. Many researchers have shown that the semi-
conductor can be more effective and easily separated
from the effluent if it was supported on adsorbent sur-
face such as powdered activated carbon (PAC)
[16,23,24].

Activated carbon (AC) is not reported to have pho-
tocatalytic activity but it improves the photocatalytic
activity of TiO2 and this is due to the increased
adsorption of contaminants on TiO2/AC. Increased
adsorption leads to higher concentration of contami-
nants around TiO2 [25]. PAC has a well-developed
pore structure, very large surface area, and high

adsorption capacity and is widely used as an adsor-
bent for organic and inorganic substances. AC in the
TiO2/AC catalysts can act as a center where organic
molecules can adsorb before transferring to the
decomposition center [25].

The aim of the present research is to evaluate
the effect of TiO2/AC photocatalyst prepared by
temperature impregnation method for solar
photocatalytic degradation of phenol. Emphasis is
also afforded for investigating the fate of intermedi-
ate products from the photocatalysis process. Cata-
lyst characterization and parameters affecting the
photo degradation activity such as pH and catalyst
loading were studied. In addition, the pseudo-first-
order kinetic reaction was tested according to Lang-
muir–Hinshelwood model.

2. Materials and methods

2.1. Chemicals

Phenol and intermediate ring compounds such as
catechol, hydroquinone, and p-benzoquinone were
purchased from Merck (Germany) with purities ≥99%
and used as received. The TiO2 (p25) was obtained
from Acros. PAC was purchased from Adwic.

2.2. Catalyst preparation

The TiO2/AC catalyst was prepared according to
the high temperature impregnation method described
by El-Sheikh et al. [26]. 5 g of TiO2 was heated and
stirred with 100 mL of distilled water until reach 70˚C.
Amount of PAC was added with ratio 1:2 and 1:3 of
TiO2 to AC and the stirring continued for 90 min
under the same temperature. At the beginning of stir-
ring, both white color of TiO2 and black color of car-
bon were apparently noticed. During the mixing
period, the black and white colors disappeared and
one gray color produced. This was considered as an
indication of interaction between the AC and TiO2.
The solution was kept at rest for 15 min for precipita-
tion of suspended materials, and then the supernatant
was decanted and the solid was dried at 200˚C for
12 h.

2.3. Photocatalysis experiments

Photocatalysis experiments were carried out using
compound parabolic collectors (CPC) reactor placed
in Borg Alarab City, Egypt (latitude 30˚ 52´,
longitude 29˚ 35´) on the roof of environmental engi-
neering department. The photoreactor module
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(0.36 m2) consists of six borosilicate tubes with diam-
eter 1 inch and length 75 cm mounted on a curved
polished aluminum reflector sheet with radius of
curvature 9.2 cm. The module is tilted by an angle
equal to the position latitude ≈30˚, where the sun-
light is perpendicular to the reactor. The parabolic
reflection surface insures that the reaction tubes are
exhibited to light. The borosilicate tubes are
transparent for light with wavelength > 275 nm
which certainly allow UVA (315–400 nm) and UVB
(280–315 nm) to reach the solution. UVC ranged
from 100 to 280 nm is naturally blocked from reach-
ing the earth surface by the atmosphere and ozone
layer. Accordingly, all the measured UV light is con-
sidered to reach the solution inside the reaction
tubes. The reaction time of all experiments is nor-
malized to UV intensity of 30 W/m2 according to
Eqs. (1) and (2). Based on the module area of
0.36 m2 and the reactor irradiated volume of 2.2 L,
the solution is irradiated by 4.91 W/L.

The reactor is connected at both the inlet and out-
let with a tank containing the phenol solution as a sole
substrate. The substrate was continuously circulated
in a closed cycle. A schematic diagram of the experi-
mental setup is shown in Fig. 1. The reactor was ini-
tially fed with 4 L of the 100 mg/L phenol solution.
To evaluate the effect of TiO2 immobilization on AC,
both TiO2 and TiO2/AC were used as catalysts. The
pH was adjusted in the range of 2.7–11.4 by few drops
of H2SO4 or NaOH. The effect of TiO2/AC dosage
was investigated by varying the dosage from 0.4 to
2 g/L. To evaluate the adsorption of phenol into the
catalysts, the first 30 min was spent only for adsorp-
tion process by mechanical mixing in the tank without
turning on the recirculation pump. The solar irradia-
tion was measured by Met one Portable Weather Sta-
tion (Model Number 466A) installed in the same

location. The normalized illumination time (t30w) was
used to compare between photocatalytic experiments
instead of exposition time (t). The normalized illumi-
nation time was calculated by the following equations
[11,27]:

t30w;n ¼ t30w;n�1 þ Dtn
UV

30

� �
Vi

Vt

� �
(1)

Dtn ¼ tn � tn�1 (2)

where tn: the experimental time for each sample, UV:
the average solar ultraviolet radiation (W/m2) mea-
sured during Δtn, t30W: the normalized illumination
time, which refers to a constant solar UV power of
30 W/m2 (typical solar UV power on a perfectly
sunny day around noon), Vt: the total reactor volume,
and Vi: the total irradiated volume.

2.4. Analytical methods

Phenol and oxidation intermediate ring com-
pounds (catechol, hydroquinone, and p-benzoquinone)
were quantified by Shimadzu HPLC by C-18 phenom-
enex reverse phase column, degasser (20A5), pump
(LC-20AT), and prominences diode array detector
(SPD-M20A). The samples were filtered by micro syr-
inge filters (0.2 μm). The mobile phase was a mixture
of ultrapure water/methanol/ acetic acid with volu-
metric percent ratio of 79.2:19.8:1.0. The flow rate of
the mobile phase was 0.8 mL/min. The monitoring
wave lengths were chosen as 270, 276, 290, and
245 nm for phenol, catechol, hydroquinone, and
p-benzoquinone, respectively. For characterization of
catalysts, Fourier transform infrared spectroscopy
(FTIR) spectra were recorded on a VERTEX 70 spec-
trometer over the wave number range 3,800–
400 cm−1using KBr pellets for sample preparation.
Scanning electron microscope (SEM) images were
obtained with a JEOL 611. Surface area and pore size
were determined by Brunauer–Emmett–Teller (BET)
analysis using Belsorp-max automated apparatus
using liquid N2 adsorption at temperature of 77 K.

3. Results and discussion

3.1. Characterization of PAC and TiO2/AC

BET analysis data are summarized in Table 1. The
specific surface area was decreased from 1,322.7 to
846.4 m2/g by impregnation of TiO2 into AC, which
confirms the deposition of TiO2 on the external surface

Fig. 1. Schematic diagram of solar CPCs reactor.
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of AC. The effect of high temperature calcinations that
induce the formation of anatase TiO2 on the surface
and pores of AC is the main reason for reducing the
surface area of the TiO2/AC [26]. Likely, total pore
volume was slightly decreased from 0.8638 for AC to
0.7994 cm3/g for TiO2/AC. However, mean pore
diameter of AC and TiO2/PAC was increased from
2.61 to 3.78 nm, respectively. Both processes are
mainly occurred due to the partial pore collapse and
shrinkage after impregnation at high temperature that
may cause changes in pore structure from micropores

to mesopores [28]. In addition, the larger pores may
be due to the formation of inter-agglomeration parti-
cles [29].

SEM images of naked PAC and the composite of
TiO2/AC are shown in Fig. 2(a) and (b). The surface
of naked AC is clear and the particulates have irregu-
lar shapes (Fig. 2(a)). Moreover, the surface of AC par-
ticulates is rough with heterogeneous pores, which
certainly indicates a good possibility for TiO2 to be
entrapped and adsorbed onto the surface of the pores
of AC. For the TiO2/AC, the SEM image (Fig. 2(b))
indicates that TiO2 particles are uniformly adsorbed
on the surface of AC. The supported TiO2 which
appears in image by gray color covered most of the
surface of AC, and also it is reported that some of
TiO2 could deposit in the mesopores and macrospores
of AC [24]. Since the photocatalysis process strongly
depends on light intensity, deposition of TiO2 on the
external surface of PAC will undoubtedly provide
more chance to be exhibited to light and subsequently
improved the degradation process. Moreover, a high
content TiO2 on the external surface of AC is favored
to enhance the photocatalytic activity.

FTIR spectra of AC and TiO2/AC are illustrated
in Fig. 3. The spectrums revealed that immobiliza-
tion of TiO2 on the AC produced a broad peak from
400 to 800 cm−1 which could be attributed to the
existence of bulk Titania framework [12]. This indi-
cated a good interaction between the AC surface
and titanium dioxide. Also, the peak at 1,650 cm−1

assigned to –OH vibration was shifted to 1,585 cm−1.
A new peak at 1,165 cm−1 was appeared in the
spectrum of TiO2/AC. This is mainly a result of the
Ti–O–C band owing to the electron affinity of
carbon when using hydrothermal methods in prepa-
ration of TiO2/AC [23]. The peak at 2,382 cm−1

which is assigned to O–H stretching [30] was

Table 1
BET analysis of AC and TiO2/AC

Parameter AC TiO2/AC

Specific surface area SBET (m2/g) 1,322.7 846.4
Total pore volume (cm3/g) 0.8638 0.7994
Mean pore diameter (nm) 2.61 3.78

Fig. 2. SEM of (a) naked AC and (b) TiO2/AC. Fig. 3. FTIR spectra of AC and TiO2/AC.
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minimized after TiO2 impregnation. Moreover, the
band at 3,400 cm−1 that assigned to –OH stretching
[31] was disappeared in TiO2/AC spectra.

3.2. Evaluation of photocatalytic activity

Adsorption and photocatalytic degradation effi-
ciency of phenol using TiO2 and TiO2/AC are shown
in Fig. 4. It could be observed that there is no signifi-
cant removal of phenol by the adsorption on the TiO2,
while about 10% of phenol was adsorbed on the
TiO2/AC surface because of the surface area and
adsorption capacity of PAC [19]. In TiO2photocatalytic
process, 53% degradation of phenol was recorded at
the first 30 min and increased up to 80% after
150 min. This decreasing in reaction rate was due to
the consuming most of TiO2 in the first 30 min. This
was not the case for TiO2/AC, where the phenol was
rapidly removed by a value of 40% within 15 min and
complete degradation of phenol was attained at irradi-
ation time of 120 min. Although, AC has no photocata-
lytic activity, the enhanced photocatalytic performance
of TiO2/AC was apparently attributed to the increas-
ing of adsorption of phenol on the surface of AC
which indeed leads to more phenol existence around
TiO2 adhered on AC. Therefore, it is concluded that
the phenol degradation was achieved through a syner-
gistic mechanism of adsorption and TiO2 photocataly-
sis reaction [24]. Nevertheless, phenol oxidation
degradation using photocatalysis process (TiO2/AC) is

accompanied with evolution of aromatic intermediates
such as benzoquinone, catechol (benzene-1,2-diol),
hydroquinone (1,4-Dihydroxybenzene) [32]. As shown
in Fig. 4, the main intermediates generated here are
hydroquinone and catechol, while benzoquinone was
slightly appeared. The formation of hydroquinone and
catechol can be attributed to the activation of phenol
molecules by reaction with an OH radical [33].The
�OH radical attacks the phenyl ring of the phenol
yielding catechol, 1,2,3-benzenetriol, and hydroqui-
none. Furthermore, the phenyl rings disintegrate to
produce malonic acid. Afterward, short-chain organic
acids, such as maleic, oxalic, acetic, formic 3-hydroxy
propyl carboxylic acid, 2-hydroxy propanal, 2-
hydroxy-ethanoic acid glycol acid, are oxidized to pro-
duce CO2 and H2O. H� produced during the attack of
bonds by �OH is reported to be an important active
free radical in the degradation process. During the
process, H+ or H� is scavenged by oxygen to form
HO�

2 radicals, which eventually convert to �OH radi-
cals. Therefore, the principal reaction leading to organ-
ics decomposition would be the one with �OH radicals
[34].

In TiO2 photocatalysis, hydroquinone gradually
increased in the first 60 min to reach 16 mg/L, while
the maximum formation of catechol was 10.5 mg/L
after 30 min. With the decreasing of phenol concentra-
tion, the aromatic intermediates are also oxidized into
carboxylic acids and CO2. Finally, carboxylic acid gen-
erated from the oxidation process is converted into
CO2 [35]. In TiO2/AC photocatalysis, the presence of
aromatic intermediates was relatively lower as com-
pared to TiO2 photocatalysis. Maximum concentration
of hydroquinone and catechol was 11.5 and 8 mg/L,
respectively, after 30 min of irradiation. It is assumed
that a portion of intermediates is adsorbed on the sur-
face of AC and rapidly oxidized to carboxylic acids
and CO2. Based on these results immobilization of
TiO2 on AC is very effective for phenol degradation.
However, pH values and dosage of TiO2/AC should
be optimized.

3.3. Factors affecting on photocatalytic oxidation process
using TiO2/AC

3.3.1. Effect of initial pH

The pH has a significant influence on both adsorp-
tion and photocatalytic degradation process. There-
fore, the effect of initial pH was investigated in acidic
and alkaline conditions. The degradation of phenol
was improved under acidic pH (Fig. 5(a)). The optimal
solution pH was 5.3 in which a complete degradation
of phenol was achieved after 120 min of irradiation.

Fig. 4. Photocatalytic degradation of phenol (a) TiO2 and
(b) TiO2/AC.
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Further rising of the initial pH led to a decrease in
degradation efficiency of phenol. These results corre-
spond closely to other similar reported work
[12,36,37]. At optimum pH value of 5.3, the electro-
static attraction force between phenol molecules and
positively charged TiO2 resulted in maximum oxida-
tion activity, and thus led to high degradation effi-
ciency of phenol. At higher pH value, the phenol
molecules have negative charges, which led to repul-
sion with TiO2 particulates and decrease the photocat-
alytic activity [37]. Besides, adjusting the pH by
NaOH is reported to create a competition on adsorp-
tion on the surface of TiO2 between the Na+ions and
OH− ions with the phenol anions, which resulted in a
lower photocatalytic degradation efficiency [4].

The effect of pH on degradation of phenol assisted
by the semiconductor oxides is influenced by the
acid–base equilibrium governing the surface chemistry
of metal oxides in water as shown in the following
reactions:

At pH\Pzc TiOH þHþ ! TiOHþ
2 (3)

At pH[Pzc TiOHþOH� ! TiO� þH2O (4)

where Pzc is the zero point of charge of the semi-
conductor [38]. It is defined as the pH at which the
surface of an oxide is uncharged. The point of zero
charge of the TiO2 (p25) is reported to be about 6.25
[39,40]. The effect of pH on the photooxidation
activity could be explained in terms of electrostatic
interaction between the active semiconductor sites
and the substrate molecules [18]. The interaction
could be expected to affect the encounter probability
of the resulted hydroxyl radical with the molecules.
It is stated that the overall reaction would be

improved or restrained depending on whether
attractive or repulsive forces prevail, respectively
[41]. In addition, the adsorption of phenol on the
AC surface is enhanced in acidic condition [42,43].
Increasing the amount of phenol adsorbed on the
surface of AC improve the interaction between TiO2

and phenol molecules.

3.3.2. Effect of TiO2/AC dosage

The effect of dosage of TiO2/AC on phenol degra-
dation is shown in Fig. 5(b). The results revealed that
photocatalytic degradation efficiency is improved with
increasing the dosage of TiO2/AC from 0.4 to 1.2 g/L.
This can be attributed to the increasing of active sites
by providing a higher amount of catalyst, which is the
semiconductor in the reaction [44]. Consequently, the
formation of electron hole pairs on the surface of
semiconductor and the high reactive hydroxyl radicals
increased, which cause the oxidation of phenol into
other intermediates [40]. The optimum dosage of
TiO2/AC was 1.2 g/L which achieved a complete deg-
radation of phenol within 120 min of irradiation.
Increasing the dosage up to 1.6 and 2.0 g/L declined
the degradation efficiency due to the increasing of tur-
bidity in the solution, which detracts the amount of
light reaching the semiconductor active sites [34]. Fur-
thermore, increasing the catalyst loading may cause
agglomeration of particulates, which decreases the
active sites on the semiconductor surface [40].

3.4. Degradation kinetics

The Langmuir–Hinshelwood model is usually used
to describe the kinetics of photocatalytic degradation of
organics in aqueous solutions [45]. It basically relates

Fig. 5. Parameters effect on photocatalytic degradation (a) effect of pH and (b) effect of TiO2/AC dosage.
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the degradation rate (r) and reactant concentration (C)
in water at time t, which is expressed by the following
equation [46]:

r ¼ �dC

dt
¼ KrKadC

1þ KadC
(5)

where kr is the rate constant and Kad is the adsorption
equilibrium constant. In photocatalysis where the
adsorption is relatively weak like and/or the reactant
concentration is low, Eq. (5) can be simplified to the
pseudo-first-order kinetics with an apparent first-order
rate constant Kapp [45]:

ln
C0

C

� �
¼ KrKadt ¼ Kappt (6)

where C0 is the initial concentration of phenol. Fig. 6
shows the linear relationship between Ln (C0/C) and
irradiation time. Kapp was calculated for TiO2/AC and
TiO2 photocatalysis and found to be 0.041 and 0.010,
respectively. This result confirms the enhancement of
phenol photocatalytic degradation by immobilizing
TiO2 on the surface of PAC. Correlation coefficient
(R2) was also calculated and found to be 0.980 and
0.903 for TiO2/AC and TiO2 photocatalysis, respec-
tively.

3.5. Economic and cost evaluation

The capital and running costs of industrial waste-
water treatment facilities are essential to corroborate
the prospect of application in a large commercial scale
[47]. Estimation of construction and operation costs
depends on the design parameters, i.e. irradiation time
and dosage of chemicals [48].

In this investigation, capital and operation costs of
photocatalytic oxidation process of industrial waste-
water (30 m3/d) containing phenol (100 ± 20 mg/L) by
TiO2 and TiO2/AC were estimated. The capacity (C)
of the proposed solar photocatalytic reactor is esti-
mated using Eq. (7) [49].

C ¼ Vt
tt

twD
(7)

where Vt: volumetric treated wastewater for a year, tt:
operation time for the treatment plant facilities in one
batch, tw: working time per day for wastewater treat-
ment plant, and D: the number of working days in a
year. Assuming the ratio between batch time and
working time is 35% which corresponded to the opti-
mum irradiation time and the average solar UV flux
in Egypt. Assuming the ratio of irradiated volume to
the total treatment plant volume is 75% and the illu-
mination area of the plant (Ap) is 4.5 m2 based on the
volumetric rate of the wastewater.

Amortization costs (AMC) of the investment and
operating costs (OC) per m3 of the effluent were con-
sidered for cost estimation of the treatment processes.
The AMC were calculated taking into consideration
the tanks, connections, reflective surface, and the
required mechanical equipment. The investment cost
per year (I) is calculated according to the illumination
area of the treatment plant (Ap) and the treatment
plant life time (L) using Eq. (8) [49]:

I ¼ ApCp

L
(8)

where Cp: the cost per m2 of the illuminated surface
in the plant. A value of 800 €/m2 is considered
according to the costs of durable reflection surface,
borosilicate tubes, tanks, and other mechanical equip-
ment. The AMC per m3 is calculated by Eq. (9) [50]:

AMC ¼ I

Vt
(9)

The OC includes maintenance, the reactants, and the
energy consumed. The staff costs are not calculated in
this estimation for the simplicity of the calculations.
Moreover, the solar photocatalytic reactor is indepen-
dent on manpower [50]. The maintenance costs are
assumed to be 2% of the yearly investment according
to previous studies [51,52]. The costs of chemicals
including catalysts and pH adjustment reagents are
calculated as the concentration (Ci) (kg/m

3) multiplied
by the unit price (Pi) (€/kg). Prices of chemicals were

Fig. 6. Kinetic analysis of photocatalytic degradation of
phenol.
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taken as the average values from different suppliers
inside and outside Egypt. The prices of commercial
TiO2 and PAC for industrial use were taken 2.3 €/kg
and 0.45 €/kg, respectively. The energy cost (EC)
(€/m3) is calculated concerning the required power
for pumping the wastewater in the reactor by Eq. (10).

EC ¼ EPitwD

Vt
(10)

where E: the power for pumping the effluent from the
tank to the reactor and Pi: the unit price of energy. It
is assumed that the cost of energy is 0.12 €/kw h
according to the rates in Egypt. The calculated treat-
ment costs including AMC using TiO2 and TiO2/AC
are illustrated in Table 2.

According to the volumetric rate of effluent and
reactor life cycle, the AMC was 1.52 €/m3 for all the
cases. Table 2 reveals that the variation of OC mainly
depends on the type and dosage of the catalyst. More-
over, using TiO2/AC was more economic than using
TiO2 concerning the achieved removal efficiency. For
instance, the maximum removal efficiency of phenol
by TiO2/AC was 100% which costs 3.19 €/m3. On the
other hand, the maximum removal efficiency by TiO2
was 92% which costs 3.75 €/m3.

4. Conclusions

Photocatalytic degradation of phenol using tita-
nium dioxide (TiO2-p25) as a semiconductor vs.
TiO2-p25 immobilized on PAC was investigated.
Characterization of TiO2/AC by FTIR revealed
successful impregnation of TiO2 on PAC. This was
also confirmed by SEM images and BET analysis.
Complete degradation of phenol was occurred
usingTiO2/PAC within 120 min of irradiation. This
was not the case for photocatalysis process by TiO2,
where 80% of phenol was removed at 150 min of
irradiation. This strongly indicates that the immobili-
zation of TiO2 on the PAC significantly improved

not only the removal of phenol but also accelerate the
reaction rate. Moreover, the phenolic degradation
products in the treated effluent in terms of hydroqui-
none, catechol, and benzoquinone were quite low in
TiO2/AC. However, the photocatalytic activity of
TiO2/AC was pH and dosage dependant. The
optimum pH and dosage of TiO2/AC was 5.3 and
1.2 g/L, respectively. The photocatalytic degradation
of phenol by TiO2/AC followed the pseudo-first-order
kinetic according to Langmuir–Hinshelwood model.
Costs estimation of full-scale plant revealed that
TiO2/AC is more economic than TiO2. Based on these
results it is recommended to use TiO2 immobilized on
ACAC for removal of phenol from industrial liquid
effluents.

Acknowledgments

The first author is grateful for the Egyptian Minis-
try of Higher Education which provided him a full
scholarship and for Japan International Cooperation
Agency (JICA) for providing all the facilities to partici-
pate in this work.

References

[1] O.B. Ayodele, J.K. Lim, B.H. Hameed, Degradation of
phenol in photo-Fenton process by phosphoric acid
modified kaolin supported ferric-oxalate catalyst: Opti-
mization and kinetic modeling, Chem. Eng. J. 197
(2012) 181–192, doi: 10.1016/j.cej.2012.04.053.

[2] B. Iurascu, I. Siminiceanu, D. Vione, M.A. Vicente,
A. Gil, Phenol degradation in water through a hetero-
geneous photo-Fenton process catalyzed by Fe-treated
laponite, Water Res. 43 (2009) 1313–1322, doi: 10.1016/
j.watres.2008.12.032.

[3] G.C. Yang, Y. Long, Removal and degradation of phe-
nol in a saturated flow by in situ electrokinetic reme-
diation and Fenton-like process, J. Hazard. Mater. 69
(1999) 259–271.

[4] S. Bekkouche, M. Bouhelassa, N.H. Salah, F.Z. Meghlaoui,
Study of adsorption of phenol on titanium oxide (TiO2),
Desalination 166 (2004) 355–362, doi: 10.1016/j.de-
sal.2004.06.090.

Table 2
Costs estimation for TiO2/AC and TiO2 solar photocatalysis

Catalyst TiO2 dose (mg/L) AC dose Operating costs (€/m3) Total costs (€/m3) Removal efficiency (%)

TiO2/AC 133 267 0.81 2.33 68
TiO2/AC 267 533 1.24 2.76 86
TiO2/AC 400 800 1.67 3.19 100
TiO2 200 0 0.85 2.37 58
TiO2 400 0 1.31 2.83 76
TiO2 600 0 1.77 3.29 88
TiO2 800 0 2.23 3.75 92

842 M. Gar Alalm et al. / Desalination and Water Treatment 57 (2016) 835–844

http://dx.doi.org/10.1016/j.cej.2012.04.053
http://dx.doi.org/10.1016/j.watres.2008.12.032
http://dx.doi.org/10.1016/j.watres.2008.12.032
http://dx.doi.org/10.1016/j.desal.2004.06.090
http://dx.doi.org/10.1016/j.desal.2004.06.090


[5] H. Kusic, N. Koprivanac, A.L. Bozic, I. Selanec, Photo-
assisted Fenton type processes for the degradation of
phenol: A kinetic study, J. Hazard. Mater. 136 (2006)
632–644, doi: 10.1016/j.jhazmat.2005.12.046.

[6] T. Olmez-Hanci, I. Arslan-Alaton, Comparison of sul-
fate and hydroxyl radical based advanced oxidation of
phenol, Chem. Eng. J. 224 (2013) 10–16, doi: 10.1016/
j.cej.2012.11.007.

[7] K.C. Namkung, A.E. Burgess, D.H. Bremner,
H. Staines, Advanced Fenton processing of aqueous
phenol solutions: A continuous system study includ-
ing sonication effects, Ultrason. Sonochem. 15 (2008)
171–176, doi: 10.1016/j.ultsonch.2007.02.009.

[8] M. Gar Alalm, A. Tawfik, Fenton and solar photo-
Fenton oxidation of industrial wastewater containing
pesticides, 17th Int. Water Technol. Conf. 2 (2013) 5–7.

[9] M.M. Ballesteros Martı́n, J.A. Sánchez Pérez, J.L. Casas
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evaluation of the photo-Fenton process. Mineralization
level and reaction time: The keys for increasing plant
efficiency, J. Hazard. Mater. 186 (2011) 1924–1929, doi:
10.1016/j.jhazmat.2010.12.100.

[51] M. Molinos-Senante, F. Hernández-Sancho, R. Sala-
Garrido, Economic feasibility study for wastewater treat-
ment: A cost-benefit analysis, Sci. Total Environ. 408
(2010) 4396–4402, doi: 10.1016/j.scitotenv.2010.07.014.
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