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ABSTRACT

Nanoparticle TiO, and ZnO were prepared by facile method. The XRD pattern study shows that
there is no obvious difference in crystal composition of various shapes of TiO, and ZnO. The pho-
tocatalytic degradation of Reactive Red 15, commonly used as a textile dye, using synthesized
titanium and zinc oxides was investigated. The effects of influential parameters such as initial
pH, catalyst loading, initial dye concentration and addition of hydrogen peroxide were studied.
The degradation efficiency was expressed by the removal of color and chemical oxygen demand
(COD). The study reveals that: (1) Both catalysts, under corresponding optimal conditions, can
be employed as an effective photocatalyst for the elimination of color and COD from dye waste-
water. Also, ZnO is more efficient catalyst than TiO,; (2) Addition of proper amount of hydrogen
peroxide improves both the decolorization and the degradation of the dye; (3) The photocatalytic
degradation of Reactive Red 15, in the presence of both photocatalysts, obeyed pseudo-first order
kinetics. The biodegradability ratio BOD,/COD increases from original zero up to 0.52 and 0.6
within 90 minutes irradiation time using 1 and 0.75 g/L TiO, and ZnQO, respectively.

Keywords: Nanoparticle, Photocatalytic oxidation, Titanium dioxide, Zinc oxide, Azo dyes, Reactive
Red 15, Biodegradability

1. Introduction

Textile dyeing and finishing industry is one of the
major pollutants among industrial sectors. Color in
textile effluents is particularly a consequence of dyeing
cotton products with reactive dyes; since up to 30% of
the used dyestuffs remain in the spent dye-bath after
the dyeing process [1]. Synthetic dyes are toxic refrac-

*Corresponding author.

tory chemicals, which can generate intensive hazard-
ous color to the environment. About 70% of reactive
dyes are of azo type. In the washing process, about
50% of a reactive dye is exhausted in hydrolyzed and
unfixed forms [2]. These dyes resist aerobic biodegra-
dation [3,4]. Where, anaerobic treatment has ability for
removal of the colors of azo dyes by transforming the
azo bond to aromatic amines [4-6]. These amines are
carcinogenic and they are more dangerous than the
parent dyes. Many technologies including physical,
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chemical and biological methods have been developed
to deal with environmental pollution [7-10]. But, the
current dye-house wastewater treatment methods are
ineffective to completely remove the dye from efflu-
ent streams. In recent years a new set of technolo-
gies termed advanced oxidation processes (AOPs)
for removing treatment of pollutants in from both
water and wastewater has become the focus of many
researches [11]. Among them, the photocatalytic oxida-
tion process using photocatalysts is a promising alter-
native for treatment of polluted water [12-14]. This
method is based on the illumination of semiconductors
such as TiO,, ZnO, Fe,O,, CdS and ZnS which can be
induced to the electron-hole pairs due to their elec-
tronic structure by photons with a proper energy level.
The valence band holes are powerful oxidants (+1.0 to
+3.5 V vs. NHE depending on the semiconductor and
pH), while the conduction band electrons are good
reductants (+0.5 to 1.5 V vs. NHE). These species sub-
sequently either recombine or react with the adsorbed
electron donors and acceptors on the surface of the
semiconductors [15,16]. Titanium dioxide (TiO,) in
anatase form is the best semiconductor with high sta-
bility, more efficiency and low price that is widely used
for photocatalytic process. TiO, is successfully used as
a photocatalyst for the treatment of organic [17-24] and
dye pollutants [25-27]. Another photocatalyst that has
a similar property of TiO, is zinc oxide (ZnO) that has
widest application after TiO,. The photocatalytic deg-
radation mechanism of ZnO is similar to that of TiO,
[28,29]. In some cases, ZnO was more effective than
TiO, [30-33]. The aim of this work is to prepare and
characterize TiO, and ZnO and study the photocata-
lytic degradation of one of reactive dye using synthe-
sized TiO, and ZnO. The effect of important parameters
such; pH, catalyst loading, initial concentration of the
dye and hydrogen peroxide on the color removal and
the degradation of the dye will be investigated.

Table 1
Chemical properties and structure of Reactive Red 15

2. Experimental
2.1. Chemicals used

Titanium chloride (TiCl,), ethanol, and ammonia
were supplied from Sigma-Aldrich (Germany) with
any purification. Hydrochloride acid and sodium
hydroxide were supplied from Fisher-Scientific (UK).
(Reactive Red 15 as one of azo dyes group, provided
from Uni-Impex-India, was used as received without
any purification. Such type of dye is characterized with
its toxicity and its refractory properties to be treated
with the traditional wastewater treatment. The chemi-
cal structural and the chemical proprieties of the dye
are listed in Table 1.

2.2. Set-up

The photocatalytic oxidation experiments were
carried out using a cylindrical photoreactor as shown
in Fig. 1. It is of 0.85 L volume, made from quartz,
with a coaxial and immersed medium pressure UV
mercury lamp was used as the UV emitter and light
source (Heraeus TQ150, input energy of 150 W) emit-
ting a polychromatic radiation in the range from 100
to 280 nm wavelength. The lamp emitted a power of
6.2 W in the UV-C (100 < A < 280 nm) range (indica-
tion Heraeus), corresponding to photonic flux of 1.32
x 107 Einstein s™'. The UV lamp is equipped with a
cooling water jacket to maintain the temperature
of the reaction of wastewater at room temperature.
There is one cooling circle for cooling UV lamp. The
UV system is placed positioned coaxial inside the
reactor vessel. The UV system is made from quartz
glass, which is available for the transfer of UV irradi-
ation. The reaction chamber is filled with the waste-
water, which is between the reactor walls and UV
lamp system. Mixing was accomplished by means of
the magnetic stirring.

Name Structure

BOD, (mg/L) COD (mg/L) BOD,/COD

Reactive Red 15

0 72.80 0

COD: chemical oxygen demand.
BOD;: biological oxygen demand.
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Fig. 1. Batch photoreactor used in the study.

2.3. Procedure

The laboratory photoreactor was filled separately
with 0.85 L of the dye solution taken under study.
The optimum conditions for UV/TiO, and UV/ZnO
treatments were investigated. The pH of the solution
was adjusted to the desired value with HCl (1 N) or
NaOH (1 N), and kept at the same value during the
reaction. Then amount of photocatalyst was added into
the mixing vessel. The solution was continuously aer-
ated and circulated for 30 min to reach equilibration
in the darkness. The lamps were then switched on to
initiate the photoreaction. Samples for the analysis
of color and COD (5mL) were taken at regular time
intervals then centrifuged and catalyst particles were
separated. When hydrogen peroxide is added in some
experiments, the pH of the phototreated samples was
adjusted to 7 to quench the samples and stop the reac-
tion of the peroxide.

2.4. Analytical methods

The percent of color removal of the dye in the reac-
tion mixture at different times was obtained by measur-
ing absorbance at maximum wavelength and computing

the concentration from calibration curve. A PD-303 UV
spectrophotometer (APEL Type), from Japan was
employed for absorbance measurements. Chemical oxy-
gen demand (COD) was carried using dichromate solu-
tion as the oxidant in strong acid media, colorimetric
method [34].

2.5. Preparation and characterization of photocatalysts
2.5.1. Preparation of TiO,

Titanium dioxide (TiO,) powder used in this study
was synthesized by the conventional sol-gel process.
TiCl, was first dissolved in an ethanol/water (volume
ratio of 4:1) solution, and ammonia was then introduced
into the solution until pH reached ca 7.5 to induce pre-
cipitation. The resulted gelatinous precipitate was fil-
tered and washed with de-ionized water to reduce [Cl]
to below 5 x 10* M, as determined by titration against
standard solution of silver nitrate, and then kept at 80 °C
for several hours in air to remove excess ammonia. The
resulted powder was then dried and calcined to get the
catalyst. The calcination process involved purging the
reactor with the gas for 1 h, heating the powder at a rate
of 40 °C/h to 450 °C. Finally the powder was calcined at
450 °C for 4 h.

2.5.2 Preparation of ZnO

Zinc oxide was prepared by dissolution of spe-
cial high grade zinc metal in hydrochloric acid. The
resulted solution was cooled to below 15 °C, left at this
temperature for 24 h and then filtered. Zinc hydroxide
was precipitated by ammonia solution. After holding
the resulted mixture for several hours, zinc hydrox-
ide was separated by filtration using water pump and
thoroughly washed with de-ionized water to remove
remaining chlorides. The produced solid was dried at
60 °C, in stagnant air, using an electric drier. The dried
material was then calcined isothermally in an electric
furnace at 500 °C for 4 h.

2.6. Characterization of catalysts

Characterization of the produced oxides was done
by using X-ray diffraction analysis (XRD) using Philips
diffract meter (40 kV, 30 mA) with nickel filter and cop-
per radiation; the scanning angular range was from 10°
to 80°, X-ray fluorescence spectrometry (XRFS) obtained
by the analyzer was AXIOS, WD-XRF Sequential Spec-
trometer-PAN anlytical 2005. The specific surface area,
pore size and pore volume of the samples were mea-
sured using a Sorptomatic (Model-1990) instrument al
77 K. Prior to the sorptometric experiment, the samples
were degassed at 423 K for 12 h.



LA. Khattab et al. / Desalination and Water Treatment 48 (2012) 120-129 123

3. Results and discussion
3.1. Characterization of catalysts

XRD patterns for TiO, and ZnO are shown in Fig. 2.
The peaks in Fig. 2a X-ray diffraction patterns (XRD) of
prepared photoctalysts showed Fig. 5a and b by sol-gel
method and further submitted to thermal treatment at
450 °C, the diffraction lines present at 25.2°, 38.7°, 48.1°,
and 68.7° in 20 value, correspond to the anatase phase
TiO,, which represent the indices of (10 1), (00 4) and (2
00) planes, respectively, are confirmed to anatase. Other
peaks XRD present at 20 of 27.6° 36.2°, 41.1°, 44.2°,
54.4°, 56.8°, 62.9°, 64.2° and 69.2° indicates the forma-
tion of rutile phase [36]. Fig. 2b showed XRD patterns
of prepared ZnO, that displays the dominant diffrac-
tion lines at 260 values of 36.65°, 39.44° and 41.49° cor-
responding to (2 0 0) and (2 1 0) planes of cubic phase of
ZnO. The broadness of the peaks of XRD lines indicates
formation of nanopartices crystalline. In consequence,
the well-prepared TiO, and ZnO crystal size is calcu-
lated from the maximum diffraction peak at Fig. 5a and
5b by Scherrer formula [35], (d = K A/f§ cos 6, where d is
the crystallite size, K the Sherrer constant of 0.89, A is
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Fig. 2. XRD pattern of the prepared photo catalysts (a) TiO,,
(b) ZnO.

the wavelength of the X-ray radiation (0.15418 nm for
Cu Ka), and £ is full width half maximum of diffraction
peak measured at 20), the average crystalline particle
sizes of prepared TiO, and ZnO powders are about 41.88
and 49.9 nm, respectively. X-ray fluorescence spectrome-
try (XRFS) analysis for TiO, and ZnO is shown in Tables
2 and 3. These analysis empasized that only TiO, and
ZnO content in each photocatalyst respresented more
99.75% and 99.56 %, respectively. The surface area of
the prepared TiO, and ZnO was determined by the BET
method is 59 and 40.3 m?/g, respectively.

3.2. Efficiency of photocatalytic oxidation
3.2.1. Dye degradation

The degradation of Reactive Red 15 dye in terms
of COD is shown in Fig. 3. Preliminary runs were per-
formed in presence of photocatalyst without irradiation

Table 2
Composition of TiO,

Constituent Weight %
TiO, 99.78
MgO 0.03
AlLO, 0.05

CaO 0.04

ZnO 0.02
Na,O 0.04

SO, 0.01

Cl 0.03
Table 3

Composition of ZnO

Constituent Weight %
ZnO 99.546
SiO, 0.118
AlLO, 0.093
F,0, 0.086
CaO 0.053
NiO 0.021

SO, 0.01

Cl 0.071
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Fig. 3. Effect of UV light and UV with different photocatalyst
on degradation of Reactive Red 15 dye (Catalyst loading 1
g/L, pH = 6, initial dye concentration = 100 ppm).

using initial dye concentration of 100 ppm and a catalyst
loading of 1 g/L, to investigate the adsorption of this dye
on the surfaces of the used catalysts. The results showed
that there is no significant removal of COD level even after
180 min. Also, photolysis experiments were performed
under UV irradiation and, in the presence of different
photocatalysts. Removal of COD was reduced by 19% in
the direct photolysis within 90 min. But COD removals
were increased by introduction of photocatalyst due to
generation of free radicals after irradiation of TiO, and
ZnO in dye solution. The degradation of the dye reduced
by 56%, 58%, 86%, 88 % in presence of ZnO (sigma), TiO,
(Aldrich), prepared TiO, and prepared ZnO, respectively.
The results indicated that the observed high decomposi-
tion in the UV/photocatalyst process is exclusively attrib-
uted to the photocatalytic reaction on the semiconductor
particles. It has been investigated that the photocatalytic
degradation of dye is initiated by photoexcitation of the
semiconductor to electron-hole pairs on the catalysts sur-
faces [36]. Daneshvar et al. performed the photocatalytic
degradation of Diazinon [29] and azo dye Acid Red 14 [32]
using TiO, and ZnO. They are reported that the adsorp-
tion of these contaminants on the photocatalysts surface
was not considerable and the removal of these pollutants
was related to the photocatalytic oxidation process. From
the figures, it is obvious that the photodegradation, rep-
resented by COD removal of dye is time-dependent and
increases by increasing the irradiation time. This trend
was similar for both photocatalysts. Also, prepared ZnO
and TiO, was more efficient in dye degradation under UV
irradiation rather than commercial ones that because they
are nanopartices size photocatalyst and thus photocata-
lytic activity increases with decreasing particle due to the

retardation of the electron—hole recombination. Anpo et
al. [37] noted that the activity increases with decrease in
particle size. According to them, reduction in particle size
might result in some electronic modification of TiO, and
produce an enhancement of the activities of electrons and
holes and/or suppression often radiation less transfer of
absorbed photon energies. Similar results were reported
by Xu et al. [38] from the study on the photocatalytic deg-
radation of methylene blue in aqueous suspensions.

3.2.2. Decolorization

Fig. 4 shows the color removal of the Reactive Red
15 by photocatalytic oxidation using the prepared TiO,
and ZnO. Complete color removal needed up to 40 min
when ZnO was used while 50 min irradiation time were
needed when utilizing TiO,; the complete removals of
COD required prolonged irradiation as shown in Fig. 3.

Obviously, decolorization process is easier than the
COD removal. COD began to decrease markedly after
the complete removal of color. After 50 min irradiation
time, the color of the dye was completely disappeared
with 66.3% COD removal using TiO,, while after 40 min
irradiation time, the color of the dye was completely
disappeared with a corresponding 54.7% COD removal
using ZnO, thus ZnO acts as photomediator that enhanc-
ing corresponding reaction rate.

3.3. Effect of the operating conditions
3.3.1. Effect of pH

The influence of initial pH on the photocatalytic
process is more complex and the observed effect is

100
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Fig. 4. Color removal with the photocatalytic oxidation of
Reactive Red 15 dye with TiO, and ZnO. (Catalyst loading 1
g/L, pH =6 and 9 for TiO, and ZnO, respectively, initial dye
concentration = 100 ppm).
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generally dependent on the type of pollutant and the
zero point charge (zpc) of photocatalyst used in the oxi-
dation process [12]. The pH of solution influences the
surface charge properties of the photocatalyst since it
has significant effects on the electrostatic interaction
between the catalyst surface and the pollutant mol-
ecules. Therefore, the effect of pH of the initial substrate
on the removal of a key parameter must be investigated.
Measurement of an overall parameter as COD might be
used for choosing the optimum pH, or at least to deter-
mine the effect of pH on the behavior of the chosen key
parameter. Fig. 5 illustrates the effect of pH values on
the % COD removals for the Reactive Red 15 dye by
photocatalytic oxidation with TiO, and ZnO at the same
catalyst loading and irradiation time.

The results indicated that the COD removal rates
increased with increasing pH up to 6 and 9 for TiO, and
ZnO, respectively, and decreased thereafter. It was pre-
viously shown that the zero point charge (zpc) of TiO,
and ZnO are 6.25 and 9.3 [39,40], respectively. Therefore,
the best pH of the treated solution should be limited
to these two values, when using TiO, or ZnO, because
the electrostatic interaction among the Reactive Red 15
dye anions and positive surface of catalyst is enhanced
[29,30]. At pH above the pH, , the number of negatively
charged sites on the photocatalyst surface increased. A
negatively charged surface site is not favored due to
the increased electrostatic repulsion. Thus, pH values
of 6 and 9 are the best initial pH values for TiO, and
ZnO, respectively in the photocatalytic decomposition
of dye. The effect of pH on the photocatalytic degra-
dation of various organic pollutants was studied by
other researchers and the similar results were observed
[31,33,40].
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Fig. 5. Effect of pH values on photocatalytic oxidation of
Reactive Red 15 with TiO, and ZnO. (catalyst loading 1 g/L,
irradiation time 60 min, initial dye concentration=100 ppm).

3.3.2. Effect of catalyst loading

The effect of catalyst loading on degradation of the
dyeis showninFig. 6 for TiO,and ZnO. The catalystload-
ing changed from 0.25 to 1.25 g/L on 0.25 intervals. The
figure shows that the % COD removal was enhanced, for
both of photocatalysts, when the amount of catalyst in
the reactor increased up 1 and 0.75 g/L for TiO, and ZnO,
respectively and then decreased. It should be pointed
out that, the catalyst loading affects both the number
of active sites on photocatalysts and the penetration of
UV light through the suspension. With increasing cata-
lyst loading the number of active sites increases, but the
penetration of UV light decreases due to shielding effect
[41]. The catalyst loading increases, the number of active
sites increases but the penetration of UV light decreases
due to shielding effect [41]. Photocatalytic degradation
rate, which is influenced by both the number of active
sites and the penetration of UV light, therefore pass
through a maximum at the optimum catalyst loading.
Similar results were observed previously by others for
instance the optimum value of catalyst loading was
reported to be 2 g/L TiO, for photocatalytic degradation
of monocrotophos [40], 1.66 g/L TiO, for photocatalytic
removal of phenol [45], 4 g/L ZnO and 4 g/L TiO, for
photocatalytic degradation of azo dyes Acid Red 18 and
Reactive Orange 4, respectively [28,42].

It should also be noted that the optimum value of
catalyst loading is strongly dependent on the type and
initial concentration of the pollutant and the operating
conditions of the photoreactor [13]. In present study,

100
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Fig. 6. Effect of catalyst loading on photocatalytic oxidation
of Reactive Red 15 with ZnO and TiO,. [pH =6 and 9 for TiO,
and ZnO, respectively, irradiation time 60 and 90 min, initial
dye concentration = 100 ppm].
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the optimum catalyst loading for TiO, was 1 g/L with
corresponding 74.1% and 87.8% COD removals after 60
and 90 min. irradiation time, respectively, and pH value
of 6. Whereas, the optimum catalyst loading for ZnO
was 0.75 g/L with corresponding 76.9% and 90.5% COD
removals after 60 and 90 min. irradiation time, respec-
tively, and pH equals 9.

3.3.3. Effect of initial dye concentration

Figs. 7 and 8 show the plot of In(COD /COD) vs.
time at different initial concentrations of Reactive Red

In (CODV{COD,)

0 10 2 30 4 5 &
Irradiaton time (min)

Fig. 7. Pseudo-first-order kinetic representation for the pho-
tocatalytic oxidation of Reactive Red 15 dye with TiO,. [TiO,:
catalyst loading 1 g/L, pH = 6].

In (COoD){COD,)

-4 T T T T T
0 10 20 0 40 50 &

Irradiation time (min)
Fig. 8. Pseudo-first-order kinetic representation for the pho-

tocatalytic oxidation of Reactive Red 15 dye with ZnO. [ZnO:
catalyst loading 0.75 g/L, pH =9].

15 dye at the optimum operating conditions (TiO,: cata-
lyst loading 1 g/L, pH = 6; ZnO: catalyst loading 0.75
g/L, pH =9). As can be seen from these plots, the pho-
tocatalytic degradation of the dye containing TiO, and
ZnO follows pseudo-first-order kinetics at low initial
dye concentration.

The rate expression is, therefore, represented by the
following equation:

r, =—dCOD/dt =k *COD (1)

where, 7,, COD and k are the rate of photocatalytic deg-
radation reaction, the chemical oxygen demand and the
pseudo-first-order rate constant, respectively. Integra-
tion of Eq. 1 gives:

In(COD / COD,) = —kt @)

where COD, is the initial chemical oxygen demand of
the dye and COD is chemical oxygen demand at time ¢.

The pseudo-first-order rate constant k can be deter-
mined by fitting the experimental data with this model.
The rate constants and correlation coefficients (R?) for all
experiments are shown in Table 4. The high values of R?
in the modeling of all cases confirm that the photocata-
lytic degradation of Reactive Red 15 dye using TiO, and
Zn0O obey pseudo-first-order kinetics.

The results in Table 4 reveal that the pseudo-first-
order kinetic constant (k) decreases with increasing the
initial concentration of the dye. This can be related to
the decrease in the number of active sites on the cata-
lyst surface, which is proportional to the initial concen-
tration of the dye. Thus, the rate of hydroxyl radical
generation on the catalyst surface, accordingly, will
decrease. Similar results have been reported by other
researcher for the photocatalytic oxidation of pollut-
ants [30,42-48].

Table 4

The values of k and R? for the photocatalytic degradation
of Reactive Red 15 dye with TiO, and ZnO at the optimum
conditions

. TiO, ZnO

Initial dye

concentration (mg/L)  k (min™) R? k (min™) R?
20 0.0473 0991 0.0543  0.992
40 0.0398 0973 0.0476  0.992
60 0.0340  0.990 0.0393  0.996
80 0.0276  0.992 0.0330  0.993
100 0.0226  0.991 0.0248  0.991
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3.3.4. Effect of addition of hydrogen peroxide

The photocatalytic degradation of dye was studied
at different hydrogen peroxide concentrations from 1
to 4 ml/L. The obtained data are represented in Fig. 9.
The % COD removal increased with adding the H,O,
under the UV irradiation with using TiO, and ZnO. In
addition, the optimum concentration of H,O, was inves-
tigated in the experiment series. The results indicated
that increasing H,O, concentration to 2 ml/L had a posi-
tive effect on the % COD removals. H O, is a powerful
oxidant and electron acceptor so it can trap the electron
of the electron-hole pair photogenerated in the reaction
(H,O, + e-OH" + OH); therefore, inhibits the electron—
hole recombination. Also, hydrogen peroxide under UV
irradiation is split and produces hydroxyl radicals (H,O,
+ hv—20H"). So the number of hydroxyl radicals gener-
ated in the photoreaction is directly proportional to the
hydrogen peroxide concentration [49,50]. As can be seen
from the results when the hydrogen peroxide concen-
tration increased behind 2 ml/L, the % COD removals
decreased. This can be explained that H O, can act as
a radical scavenger. When the hydroxyl radicals are
formed in the reaction, additional hydrogen peroxide
usually recombines with the dissociated hydroxyl radi-
cals and decreasing the photocatalytic oxidation effi-
ciency [11,32].

3.4. Biodegradability

A ratio of BOD5/COD in wastewater is normally
used to express the biodegradability of the wastewa-
ter. When the ratio of BODS/COD is more than 0.3, the
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Fig. 9. Effect of addition of H,O, on the photocatalytic oxida-
tion of Reactive Red 15 dye with TiO, and ZnO. (Irradiation
60 min; initial dye concentration = 100 ppm, TiO,: catalyst
loading 1 g/L, pH = 6; ZnO: catalyst loading 0.75 g/L, pH =9].

wastewater has a better biodegradability. Whenever
the ratio is less than 0.3, the wastewater is difficult to
be biodegraded [51,52]. In our study the initial BOD,/
COD for Reactive Red 15 dye before any treatment
equals zero, which means, the dye is non-biodegrad-
able and it is difficult to be biologically treated; since
it inhibits the respiratory activity of bacterial seed due
to its toxicity. To investigate the biodegradability of
the dye solution after photocatalytic treated with TiO,
and ZnO, the ratio of BOD5/COD were measured at
the optimum operating conditions for either photocat-
alyst and also at the time when the color of the dye was
disappeared. As shown in Fig. 10, the results indicate
that ratio of BODS/COD increased after treatment of
the dye with the both tested photocatalysts. As noticed
also in Fig. 10, the % COD removal decreased during
photocatalytic oxidation. The increase of BOD,/COD
may imply that biodegradability can be enhanced by
the photocatalytic oxidation converting nonbiode-
gradable organics in the dye to biodegradable forms.
At optimum operating conditions of the photocatalytic
oxidation with TiO, (catalyst loading 1 g/L, pH = 6)
and ZnO (catalyst loading 0.75 g/L, pH = 9), the ratio of
BOD,/COD reached 0.52 and 0.6 using TiO, and ZnO,
respectively, within 90 min irradiation time. Fig. 10 also
indicates that BOD,/COD reached 0.3 and 0.35 for TiO,
and ZnO, respectively, within 50 and 40 min irradiation
time; these are the times when the color of the dye com-
pletely disappeared. This indicates that initial dye is not
biodegradable; however, the biodegradability increased
as indicated by the increase of BODS/COD of dye solu-
tion when the color was completely disappeared. The
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Fig. 10. Ratios of BOD,/COD of Reactive Red 15 dye after
photocatalytic oxidation using TiO, and ZnO. (TiO,: pH =6,
catalyst loading 1 g/L, irradiation time 50 and 90 min; ZnO:
pH =9, catalyst loading 0.75 g/L, irradiation time 40 and 90
min; initial dye concentration=100 ppm).
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byproducts arising from decolorization reaction can
be biodegraded by biological processes for the tested
dye solution. These results confirm the interactive
relationship between decolorization and biodegrad-
ability in which both the complete decolorization and
the improved the biodegradability of the dye solution
were achieved at the same time. Therefore reason-
able irradiation time may be the period for complete
decolorization if mineralization is not the final target
by the single photocatalysis. The result implies that
photocatalytic oxidation enhanced the biodegrad-
ability of the dye-solution and therefore relationship
between decolorization and biodegradability exists.
When the color disappeared completely, the water
containing the dye biodegraded normally and could
be discharged for further treatment. The experimental
results demonstrate that it is possible to combine pho-
tocatalysis with conventional biological treatment for
the remedy of wastewater containing generally non-
biodegradable azo dyes using the both prepared pho-
tocatalyts in this study.

4. Conclusion

This work concludes that:

1. Nanosized TiO, and ZnO was prepared with crystal-
line 41.88 and 49.9 nm, respectively.

2. Photodegradation of Reactive Red 15 dye in presence
of UV light alone is very slow process. The addition
of TiO, and ZnO remarkably accelerated this process.

3. Photocatalytic oxidation efficiency increased with
irradiation time, catalyst loading up to 1 and 0.75 g/L
using TiO, and ZnO, respectively, and also by addi-
tion of small amounts of H,O,.

4. Initial pH values of 6 and 9 were found to be the opti-
mal pHs for the utilization of TiO, and ZnO as photo-
catalysts, respectively.

5. The photocatalytic oxidation of Reactive Red 15 dye
followed a pseudo-first-order kinetic model.

6. At optimum operating conditions the COD removals
were 87.8% and 90.5% using TiO, and ZnQO, respec-
tively. Zinc oxide was a more efficient catalyst than
TiO, under corresponding optimum conditions.

7. The ratio BOD,/COD increases with increasing irra-
diation time; this indicates that the biodegradability
of the wastewater can be enhanced by photocata-
lytic oxidation. The BOD,/COD of the dye solution
reached 0.3 and 0.35 after the photocatalytic oxida-
tion of the dye with TiO, and ZnO, respectively.

8. The photocatalytic process can be an alternative for
decolorization and further COD removal of the dye
from wastewater as a pre-treatment step of conven-
tional biological process.

Acknowledgements

The authors acknowledge SIDA for financial support
through the Swedish-MENA Research Links program
administered by the Swedish Research Council (project
no. 348-2008-6075).

References

[1] J. Arslan, L.A. Balcioglu and D.W. Bahnemann, Advanced
chemical oxidation of reactive dyes in simulated dyehouse
effluents by ferrioxalate-Fenton/UV-A and TiO,/UV-A pro-
cesses. Dyes Pigments, 47 (2000) 207.

[2] LA. Alaton, I.A. Balcioglu and D.W. Bahnemann, Advanced
oxidation of a reactive dyebath effluent: comparison of O,,
H,0,/UV-C and TiO,/UV-A processes. Water Res., 36 (2002)
1143.

[3] Mishra and M.A. Tripathy, A critical review of the treatments
for decolourization of textile effluent. Colourage, 10 (1993) 35.

[4] N.H.Ince and D.T. Gonenc, Treatability of a textile azo dye by
UV/H,O,. Environ. Technol., 18 (1997) 179.

[5] S. Meric, D. Kaptan and T. Olmez. Color and COD removal
from wastewater containing Reactive Black 5 using Fenton’s
oxidation process. Chemosphere, 54 (2004) 435-441.

[6] M.A.Brown and S.C. Devito, Predicting azo dye toxicity. Envi-
ron. Sci. Technol., 23 (1993) 249.

[7] H. Bhuptawata, G.K. Folkardb and S. Chaudhari, Innova-
tive physico-chemical treatment of wastewater incorporating
Moringa oleifera seed coagulant. . Hazard. Mater., 142 (2007)
477-482.

[8] P.R. Brookes and A.G. Livingston, Aqueous—-aqueous extrac-
tion of organic pollutants through tubular silicone rubber
membranes. J. Membr. Sci., 104 (1995) 119-137.

[9] N.M.Mahmoodiand M. Arami, Modeling and sensitivity anal-
ysis of dyes adsorption onto natural adsorbent from colored
textile wastewater. J. Appl. Polym. Sci., 109 (2008) 4043—-4048.

[10] R. Mufioz and B. Guieysse, Algal-bacterial processes for the
treatment of hazardous contaminants: a review. Water Res. 40
(2006) 2799-2815.

[11] R. Andreozzi, V. Caprio, A. Insola and R. Marotta, Advanced
oxidation processes (AOP) for water purification and recovery,
Catal. Today, 53 (1999) 51-59.

[12] PR. Gogate and A.B. Pandit, A review of imperative tech-
nologies for wastewater treatment I: oxidation technologies at
ambient conditions. Adv. Environ. Res., 8 (2004) 501-551.

[13] P.R. Gogate and A.B. Pandit, A review of imperative technolo-
gies for wastewater treatment II: hybrid methods. Adv. Envi-
ron. Res., 8 (2004) 553-597.

[14] M. Ghaly, AM. Fathy and ].Y. Farah, Enhancement of
decolorization rate and COD removal from dyes containing
wastewater by the addition of hydrogen peroxide under solar
photocatalytic oxidation. Desalination, 217 (2007) 74—84.

[15] D. Bahnemann, Photocatalytic water treatment: solar energy
applications. Solar Energy, 77 (2004) 445—-459.

[16] N.M. Mahmoodi, M. Arami, N.Y. Limaee and N.S. Tabrizi,
Decolorization and aromatic ring degradation kinetics of
Direct Red 80 by UV oxidation in the presence of hydrogen
peroxide utilizing TiO, as a photocatalyst. Chem. Eng. J., 112
(2005) 191-196.

[17] S. Lathasree, A. Nageswara Rao, B. SivaSankar, V. Sadasivam
and K. Rengaraj, Heterogeneous photocatalytic mineralisation
of phenols in aqueous solutions. J. Mol. Catal. A: Chem., 223
(2004) 101-105.

[18] U. Siemon, D. Bahnemann, JJ. Testa, D. Rodriguez, M.I. Litter
and N. Bruno, Heterogeneous photocatalytic reactions com-
paring TiO, and Pt/TiO,. J. Photochem. Photobiol. A: Chem.,
148 (2002) 247-255.

[19] O. Zahraa, HY. Chen and M. Bouchy, Photocatalytic degrada-
tion of 1,2-dichloroethane on supported TiO,. J. Adv. Oxid.
Technol.,, 4 (1999) 167.



(20]

[21]

(22]

(23]

(24]

[25]

[26]

[27]

(28]

[29]

(30]

(31]

(32]

(33]

(34]
(35]

(36]

(37]

L. A. Khattab et al. / Desalination and Water Treatment 48 (2012) 120-129

C. Shifu, Photocatalytic degradation of organic pesticide con-
taining phosphorus by TiO, supported on fiber glass. Environ.
Sci. 17 (1996) 33.

AM. Fathy, JY. Farah and M.Y. Ghaly, Effect of catalyst type
and dose on solar photocatalytic oxidation for the degradation
of zenafix yellow reactive dye aqueous solution. Afinidad, 63
(524) (2006) 308-314.

S. Zheng, Q. Huang, J. Zhou and B. Wang, A study on dye
photo-removal in TiO, suspension solution. J. Photochem.
Photobiol A: Chem., 108 (1997) 235.

I. Poulios and I. Aetopoulou, Photocatalytic degradation of the
textile dye Reactive Orange 16 in the presence of TiO, suspen-
sions. Environ. Technol., 20 (1999) 479.

G.A. Epling and C. Lin, Photoassisted bleaching of dyes utiliz-
ing TiO, and visible light, Chemosphere, 46 (2002) 561.

B. Neppolian, H.C. Choi, S. Sakthivel, B. Arabindoo and V.
Murugesan, Solar/UV-induced photocatalytic degradation of
three commercial textile dyes. J. Hazard. Mater. B, 89 (2002)
303-317.

M. Saquib and M. Muneer, Titanium dioxide mediated photo-
catalysed degradation of a textile dye derivative, acid orange
8, in aqueous suspensions. Desalination, 155 (2003) 255-263.
S. Lakshmi, R. Renganathan and S. Fujita, Study on TiO, medi-
ate photocatalytic degradation of methylene blue. ]J. Photo-
chem. Photobiol. A: Chem., 88 (1995) 163.

N. Sobana and M. Swaminathan, The effect of operational
parameters on the photocatalytic degradation of acid red 18 by
ZnO. Sep. Puri. Technol., 56 (2007) 101-107.

N. Daneshvar, S. Aber, M.S. Seyed Dorraji, A.R. Khataee and
M.H. Rasoulifard, Photocatalytic degradation of the insec-
ticide diazinon in the presence of prepared nanocrystalline
ZnO powders under irradiation of UV-C light. Sep. Puri. Tech-
nol., 58 (2007) 91-98.

A.A.Khodja, T. Sehili, J.F. Pilichowski and P. Boule, Photocata-
lytic degradation of 2-phenylphenol on TiO, and ZnO in aque-
ous suspensions. Photochem. Photobiol. A: Chem., 141 (2001)
231-239.

B. Dindar and S. I¢li, Unusual photoreactivity of zinc oxide
irradiated by concentrated sunlight. Photochem. Photobiol. A:
Chem., 140 (2001) 263-268.

N. Daneshvar, D. Salari and A.R. Khataee, Photocatalytic deg-
radation of azo dye acid red 14 in water on ZnO as an alter-
native catalyst to TiO,. Photochem. Photobiol. A: Chem. 162
(2004) 317-322.

C. Lizama, J. Freer, J. Baeza and H.D. Mansilla, Optimized
photodegradation of Reactive Blue 19 on TiO, and ZnO sus-
pensions. Catal. Today, 76 (2002) 235-246.

APHA, AWWA, Standard Methods for the Examination of
Water and Waste Water, 20th ed., WPCF, New York, 1998.

LV. Azaoff, Elements of X-ray Crystallography, McGraw-Hill
Book Co. New York, 1968.

M. Muruganandham and M. Swaminathan, Solar photocata-
lytic degradation of a reactive azo dye in TiO,-suspension.
Solar Energy Mater. Solar Cells, 81 (2004) 439—-457.

M. Anpo, T. Shima, S. Kodama and Y. Kubokawa, J. Phys.
Chem., 91 (1987) 4305-4310.

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[>1]

[52]

129

R. Doong and W. Chang, J. Photochem. Photobiol., A 107 (1997)
239-244.

A.A. Khodja, T. Sehili, J.F. Pilichowski, P. Boule, Photocata-
lytic degradation of 2-phenylphenol on TiO, and ZnO in aque-
ous suspensions. Photochem. Photobiol. A: Chem. 141 (2001)
231-239.

M.V. Shankar et al., Enhanced photocatalytic activity for the
destruction of monocrotophos pesticide by TiO2/Hf{. ]J. Mol.
Catal. A: Chem., 223 (2004) 195-200.

C.AK. Gouvéa, F. Wypych, 5.G. Moraes, N. Duran, P. Peralta-
Zamora, Semiconductor-assisted photocatalytic degradation
of reactive dyes in aqueous solution. Chemosphere, 40 (2000)
433-440.

M. Mrowetz and E. Selli, Photocatalytic degradation of formic
and benzoic acids and hydrogen peroxide evolution in TiO,
and ZnO water suspensions. Photochem. Photobiol. A: Chem.,
180 (2006) 15-22.

N.M. Mahmoodi and M. Arami, Carbon-supported iridium
catalysts in the catalytic wet air oxidation of carboxylic acids:
kinetics and mechanistic interpretation. Photochem. Photo-
biol. A: Chem., 182 (2006) 60—66.

M.S.T. Goncalves, AM.F. Oliveira-Compos, EM.M.S. Pinto,
PM.S. Plasencia and M.J.R.P. Queiroz, Photochemical treat-
ment of solutions of azo dyes containing TiO,. Chemosphere,
39 (1999) 781.

O.E. Kartal, M. Erol and H. Oguz, Photocatalytic destruction
of phenol by TiO, powders. Chem. Eng. Technol., 24 (2001)
645-649.

M. Muruganandham and M. Swaminathan, Photocatalytic
decolourisation and degradation of Reactive Orange 4 by TiO,-
UV process. Dyes Pigm., 68 (2006) 133-142.

N.M. Mahmoodi, M. Arami and N.Y. Limaee, Photocatalytic
degradation of triazinic ring-containing azo dye (Reactive
Red 198) by using immobilized TiO2 photoreactor: Bench scale
study. J. Hazard. Mater., 133 (2006) 113-118.

M. Nikazar et al., Using TiO2 supported on Clinoptilolite as
a catalyst for photocatalytic degradation of azo dye Disperse
yellow 23 in water. Catal., 48 (2) (2007) 214-220.

N.M. Mahmoodi, M. Arami, L.N. Yousefi and T.N. Salman,
Decolorization and aromatic ring degradation kinetics of
Direct Red 80 by UV oxidation in the presence of hydrogen
peroxide utilizing TiO, as a photocatalyst. Chem. Eng. J., 112
(2005) 191-196.

N.M. Mahmoodi, M. Arami, L.N. Yousefi and T.N. Salman,
Semiconductor-assisted photocatalytic degradation of reactive
dyes in aqueous solution. J. Colloid Interface Sci., 295 (2006)
159-164.

M.Y. Ghaly, G. Hértel and R. Haseneder, Integrated coupled
systems as biodegradability enhancement of textile wastewa-
ter by photo-Fenton process. Afinidad, 543, (2009) 420-428.
M.I. Badawy, F.A. Gohary, M.Y. Ghaly and M.E. Ali, Enhance-
ment of olive mill wastewater biodegradation by homo-and
heterogeneous photocatalytic oxidation. J. Hazard. Mater., 169
(2009) 673-679.





