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Abstract

The removal of C.I. Acid Orange 7 (AO7) from aqueous solution under UV irradiation in the presence of ZnO nanopowder has been studied.
The average crystallite size of ZnO powder was determined from XRD pattern using the Scherrer equation in the range of 33 nm. The experiments
showed that ZnO nanopowder and UV light had a negligible effect when they were used on their own. The effects of some operational parameters
such as pH, the amount of ZnO nanopowder and initial dye concentration were also examined. The photodegradation of AO7 was enhanced by
the addition of proper amount of hydrogen peroxide, but it was inhibited by ethanol. From the inhibitive effect of ethanol, it was deducted that
hydroxyl radicals played a significant role in the photodegradation of the dye. The kinetic of the removal of AO7 can be explained in terms of the
Langmuir-Hinshelwood model. The values of the adsorption equilibrium constant, Ko7, and the kinetic rate constant of surface reaction, k., were
0.354 (mg1~")~! and 1.99 mg1~! min~!, respectively. The electrical energy consumption per order of magnitude for photocatalytic degradation of
AO7 was lower in the UV/ZnO/H, 0O, process than that in the UV/ZnO process. Accordingly, it could be stated that the complete removal of color,

after selecting desired operational parameters could be achieved in a relatively short time, about 60 min.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Wastewater from textile, paper and some other industries con-
tain residual dyes, which are not readily biodegradable. Adsorp-
tion and chemical coagulation processes are two common tech-
niques of wastewater treatment. However, these methods merely
transfer dyes from the liquid to the solid phase causing secondary
pollution and requiring further treatment. Advanced oxidation
processes (AOPs) are alternative techniques of destruction of
dyes and many other organics in wastewater and effluents. These
processes generally, involve UV/H,0;, UV/O3 or UV/Fenton’s
reagent for the oxidative degradation of contaminants. Semicon-
ductor photocatalysis is another developed AOP, which can be
conveniently applied to remove of different organic pollutants
[1-4].
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TiO, and ZnO nanopowder especially in recent years, are
used as effective, inexpensive and nontoxic semiconductor pho-
tocatalysts for the degradation of a wide range of organic chem-
icals and synthetic dyes. The size of photocatalysts is one of the
most important factors. There were many comparative studies
about the photocatalytic efficiency of pollutants between TiOy
and ZnO, which emphasized the effectiveness of TiO; or ZnO. In
these studies, Degauss (P-25) TiO; (mean diameter, 25 nm) and
commercial ZnO (mean diameter, 200 nm) are the most com-
monly used effective photocatalysts. However, the problem is
the great size discrepancy of the two different kinds of photo-
catalysts [5-10].

ZnO nanopowder appears to be a suitable alternative to
TiO, since its photodegradation mechanism has been proven
to be similar to that of TiO, [4]. ZnO nanopowder has been
reported, sometimes, to be more efficient than TiO;. Its effi-
ciency has been reported to be particularly noticeable in the
advanced oxidation of pulp mill bleaching wastewater [11,12],
the photooxidation of 2-phenylphenol and photocatalysed oxi-
dation of phenol [3]. The biggest advantage of ZnO in com-
parison with TiO; is it adsorbs over a larger fraction of UV
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spectrum and the corresponding threshold of ZnO is 425 nm
[13].

The aim of the present work is to study the removal of an azo
dye, C.I. Acid Orange 7, extensively used by the textile industry,
in the presence of ZnO nanopowder as a suitable alternative to
TiO, irradiated by UV-C light (UV/ZnO process). The effect of
UV light irradiation, pH and the amount of nanocatalyst was
examined. The effect of the addition of H,O, was also stud-
ied for enhancing the elimination of the azo dye. The inhibitive
influence of ethanol, commonly used to quench hydroxyl rad-
icals, provides information on reactive species involved in the
reaction. The EE/0 “Electrical Energy per Order” was calcu-
lated and showed that a moderated efficiency was obtained in
UV/ZnO Process. A detailed kinetic description of the pro-
cess was given based on well-known mechanistic/kinetic models
namely: the Langmuir—Hinshelwood (L-H) model whereby the
organic regent was pre-adsorbed on photocatalyst surface prior
to UV illumination.

2. Experiments and methods
2.1. Materials

The average crystallite size (D in nm) of ZnO nanopowder
was determined from XRD pattern of the ZnO nanopowder
(Fig. 1) according to the Scherrer equation: D =k(A/B cos0)
where k is a constant equal to 0.89, A the X-ray wavelength
equal to 0.154 nm, g the full width at half maximum and 6 the
half diffraction angle (17.61) [14]. The average particle size is
about 33 nm by calculation, surface area is Sm” g~! and band
gap energy is 3.2eV. ZnO nanoparticles obtained from Merck
Co. (Germany). C.I. Acid Orange 7 (AO7) was purchased from
Boyakhsaz Co. (Iran). The structure of AO7 has been depicted in
Fig. 2. Sulfuric acid, sodium hydroxide and hydrogen peroxide
were obtained from Merck Co. (Germany). Ethanol (99%) was
purchased from Aldrich Co. (England).

2.2. Procedures

For the photodegradation of AO7, a solution containing
known concentration of the dye and ZnO nanopowder was pre-
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Fig. 1. XRD pattern of ZnO nanoparticles.
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Fig. 2. Structure of C.I. Acid Orange 7 (C.I. No. 15510).

pared and it was allowed to equilibrate for 30 min in the darkness,
then 50 ml of the prepared suspension was transferred to a 500 ml
Pyrex reactor. Irradiation was carried out with a 30 W (UV-C,
254 nm) mercury lamp (Philips), which was put above the batch
photoreactor. The distance between solution and UV source
was constant, 15cm, in all experiments. The light intensity in
the center of the photoreactor was measured by a Lux-meter,
Leybold-Heraeus (0.55 kLux). The suspension pH values were
adjusted at desired level using dilute NaOH and H>SOj4 and then
the pH values were measured with pH meter (Philips PW 9422).
After that, the lamp was switched on to initiate the reaction.
During irradiation, agitation was maintained by a magnetic stir-
rer (Ogawa Seiki) to keep the suspension homogeneous, and the
suspension was sampled after an appropriate illumination time.
The concentration of the dye in each degraded sample was deter-
mined with a spectrophotometer (UV/Vis Spectrophotometer,
Perkin-Elmer 550 SE) at Apax =485 nm and a calibration curve.
By this method conversion percent of AO7 can be obtained in
different intervals. Then the degree of photodegradation (X) as
a function of time was calculated.

3. Results and discussion
3.1. Effect of UV irradiation and ZnO nanoparticles
The change in the dye concentration versus time profile dur-

ing the photocatalytic degradation of AO7 is shown in Fig. 3. The
removal of AO7 was negligible in the absence of ZnO nanopow-
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Fig. 3. Effect of UV light and ZnO nanoparticals on photocatalytic degradation
of AO7. [AO7]p=20mg1~"; [ZnO] = 160 mg1~!; pH neutral.
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der. It can be seen from the figure that in the presence of both ZnO
nanopowder and light 100% of dye was degraded at the irradia-
tion time of 60 min. These experiments demonstrated that both
UV light and a photocatalyst, such as ZnO were needed for the
effective destruction of AO7. Because it has been established
that the photocatalytic degradation of organic matter in solution
is initiated by photoexcitation of the semiconductor, followed by
the formation of an electron—hole pair on the surface of catalyst
Eq. (1). The high oxidative potential of the hole (hyg*) in the
catalyst permits the direct oxidation of organic matter (dye) to
reactive intermediates Eq. (2). Very reactive hydroxyl radicals
can also be formed either by the decomposition of water Eq. (3)
or by the reaction of the hole with “OH Eq. (4). The hydroxyl
radical is an extremely strong, non-selective oxidant that leads
degradation of organic chemicals [3,4,13].

ZnO + hv— ZnO(ecg~ +hyg™) (1)
hygt +dye — oxidation of the dye )
hyg™ +H,O — H™ +°OH 3)
hygt +OH™ — °*OH “)

Electron in the conduction band (ecg ~) on the catalyst surface
can reduce molecular oxygen to superoxide anion Eq. (5). This
radical, in the presence of organic scavengers, may form organic
peroxides Eq. (6) or hydrogen peroxide Eq. (7).

ecg” +02— °0y~ )
°0;" +dye — dye—0OO° 6)
*0,” +HO;* + H — H,0,+ 0, @)

Electrons in the conduction band are also responsible for the pro-
duction of hydroxyl radicals, which have been indicated as the
primary cause of organic matter mineralization Eq. (8) [4,15].

*OH + dye — degradation of the dye ®)

3.2. Effect of the amount of ZnO nanopowder

The effect of the amount of ZnO nanopowder on the pho-
todegradation efficiency was shown in Fig. 4. Experiments per-
formed with different concentration of ZnO nanopowder showed
that the photodegradation efficiency increases with an increase
in ZnO nanopowder concentration up to 160 mg1~!, and is then
decreased. This observation can be explained in terms of avail-
ability of active sites on the catalyst surface and the penetration
of UV light into the suspension. The total active surface area
increases with increasing catalyst dosage. At the same time,
due to an increase in the turbidity of the suspension, there is a
decrease in UV light penetration as a result of increased scatter-
ing effect and hence the photoactivated volume of suspension
decreases [4,13]. Since the most effective decomposition of
AO7 was observed with 160mg1~! of ZnO nanopowder, the
other experiments were performed in this concentration of ZnO
nanopowder.
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Fig. 4. Effect of ZnO amount on photodegradation efficiency of AO7 at irradi-
ation time of 60 min. [AO7]p =20 mg -1 pH neutral.

3.3. Effect of initial dye concentration

It is important from an application point of view to study the
dependence of removal efficiency on the initial concentration
of dye. Fig. 5 shows the effect of initial AO7 concentration
on photocatalytic degradation efficiency. It can be seen that
color removal efficiency decreased as initial dye concentration
increased. The presumed reason is that when the initial concen-
tration of dye is increased, more and more dye molecules are
adsorbed on the surface of ZnO nanopowder. The large amount
of adsorbed dye is thought to have an inhibitive effect on the
reaction of dye molecules with photogenerated holes or hydroxyl
radicals, because of the lack of any direct contact between them.
Once the concentration of dye is increased, it also causes the dye
molecules to absorb light and the photons never reach the photo-
catalyst surface, thus the photocatalytic degradation efficiency
decreases [1,16,17].

3.4. Effect of the initial pH

The effect of pH on the photocatalytic degradation efficiency
of AO7 was examined in the pH range 2—-11 in UV/ZnO pro-
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Fig. 5. Effect of initial dye concentration on photocatalytic degradation effi-
ciency of AO7. [ZnO]=160mg1~'; pH neutral.
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Fig. 6. Effect of pH on photocatalytic degradation of AO7 at irradiation time of
60 min. [AO7]p=20mg1~"; [ZnO]=160mg1~!.

cess. The results were depicted in Fig. 6. The results showed a
direct influence of the pH of the solution on the heterogeneous
photocatalysis process. In alkaline solutions photodegradation
efficiency was more than that in acidic solutions. It is because
photodecomposition of ZnO nanopowder takes place in acidic
and neutral solutions. The photocorrosion of ZnO nanopow-
der is complete at pH lower than 4. At pH higher than 10, no
photocorrosion of ZnO nanopowder takes place. More efficient
formation of hydroxyl radicals occurs in alkaline solution Eq.
(4). On the other hand, AO7 has a sulfuric group in its structure,
which is negatively charged in alkaline conditions, therefore, in
the alkaline solution dye may not be adsorbed onto photocat-
alyst surface effectively [1,3,4]. In the light of the findings, it
was deduced that the efficient condition for photodegradation of
AO7 was neutral pH [4].

3.5. Spectral changes of AO7 during photodestruction

The changes in the absorption spectra of AO7 solutions dur-
ing the photodestruction process at different irradiation times
are shown in Fig. 7. The decrease of the absorption peak of AO7
at 485nm in Fig. 7 indicated a rapid degradation of azo dye.
Complete removal of AO7 was observed after 60 min of irradia-
tion. Also after 20 min the band intensity at 300-310 and 220 nm
started to decrease and disappeared after 60 min. The decrease
of the absorption peak of AO7 at Amax =485 indicated a rapid
degradation of the azo dye.

3.6. Kinetics of photocatalytic degradation of AO7

For engineering purposes, it is useful to find out a simple and
easy-to-use rate equation that fits the experimental rate data.
Since, adsorption is considered critical in the heterogeneous
photocatalytic oxidation process, the Langmuir—Hinshelwood
model was used to describe the photooxidation kinetics of dyes
by a few previous researchers. This treatment is subject to the
assumptions that sorption of both the oxidant and the reductant
is a rapid equilibrium process and that the rate-determining step
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Fig. 7. Spectral changes of AO7 solution during illumination in the presence of
ZnO nanoparticles. [AO7]p =20 mg 1-1; [ZnO] =160 mg -1 pH neutral.

of the reaction involves both species present in a monolayer at
the solid—liquid interface [1].

Photodegradation experiments of AO7 by UV/ZnO process
exhibited pseudo-first-order kinetics with respect to the concen-
tration of the organic compound

d[AO7]
————— = kobs[AOT7] )
dr
whose integration gives, for [AO7]=[AO7]p at t=0:
[AOT]o
In [ ——— | = kopst 10
n ( [AO7] ) obs (10)

in which kqpg is the pseudo-first-order rate constant.

Fig. 8 shows a plot of In([AO7]o/[AO7]) versus time for all
the experiments with different initial concentration of AO7. By
applying a least square regression analysis the values of kqps
have been obtained. Table 1 reports the values of kqps for all
experiments carried out. The reaction rate proceeds according
to pseudo-first-order kinetics with a kinetic constant, which
decreases as the initial reactant concentration. This can be
ascribed to the decrease in the number of active sites on the
catalyst surface due to the covering of the surface with AO7
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Fig. 8. Determination of the pseudo-first-order kinetic rate constants, Kops.
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Table 1

AO7 conversion (at 5 min) and pseudo-first-order kinetic rate constants in photocatalytic experiments with different initial concentration

Experiment number [ZnO]g (mgl~") [AO7]o (mg1~1) X5 (%) kops (min~1) 1/kgbs (min) P

1 160 60 2.6 0.034 28.6 0.96
2 160 40 5.5 0.056 17.7 0.98
3 160 20 37 0.120 8.326 0.92
4 160 15 45.6 0.143 7.002 0.97
5 160 10 63.9 0.381 2.625 0.89
6 160 5 95 0.697 1.434 0.93

molecules, which is directly proportional with the initial con-
centration of AO7. The relationship between the initial degra-
dation rate (r) and the initial concentration of organic substrate
for heterogenous photocatalytic degradation process has been
described by Langmuir—Hinshelwood model, which can be writ-
ten as follows:

Ka07[AO7]
=ke———————————— = kops[AO7 11
r c 1+ Kao7[AO7]g obs[ ] (11
1 1 AO7
_ [AOT]y (12)
kobs kc Ko7 kc

where Ko7 is the Langmuir—Hinshelwood adsorption equilib-
rium constant.

The data reported in Table 1 were plotted in Fig. 9 as
1/kobs versus [AO7]p. By means of a least square best fitting
procedure, the values of the adsorption equilibrium constant,
K07, and the kinetic rate constant of surface reaction, k., were
calculated [3,11]. The values were Kpao7=0.354 (mgl’l)’1
and k.=1.99mgl~! min~!. Behnajady and his co-workers
reported Langmuir—Hinshelwood equation constants for decol-
orization of the solution containing C.I. Acid Yellow 23
(40mg1~!) in the presence of ZnO (750 mg 1=1). The values
are Kgye=3.15 (mgl’l)’1 and k.=0.913mg 1= min~! [13].
Dutta and Chakrabarti proposed a rate equation based on
Langmuir—Hinshelwood model for photocatalytic degradation
of two textile dyes in wastewater using ZnO as semiconduc-
tor catalyst. The values of Langmuir—Hinshelwood equation
constants of Methylene Blue and Eosin Y are 0.0345 and
0.0859 (mg1=")~!, respectively [18].
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Fig. 9. Determination of the adsorption equilibrium constant, Kao7 and the
second order rate constant, k. for the Langmuir-Hinshelwood kinetic model.

3.7. Effect of addition of hydrogen peroxide

The results from the degradation of the AO7 (20 mg 1~ !) using
different concentrations of HyO, were summarized in Fig. 10.
The removal efficiency increased with increasing H,O; concen-
tration, but the improvement was not obvious above 10 mM.
This can be explained by the two opposing effects with increas-
ing H>O; concentration [3,4,18]:

(a) HyO, reacts with the electrons which are emitted from
valence band of the photocatalyst to generate hydroxyl rad-
icals and hydroxide anions while inhibiting the ecg ~/hyg*
recombination process:

H;O, +ecg™ — OH™ +°OH (13)

(b) H,O, may also be split photolytically to produce hydroxyl
radicals directly:

H,0, + hv— 2°OH (14)

It should be taken into consideration that photocatalytic oxida-
tion will be inhibited via reaction of excess HyO, with *OH
radicals and hyg*:

H>O; +°*OH — HO,* + H,0 (15)
HO,* + *OH — H;0 + O, (16)
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Fig. 10. Effect of H,O, addition on photocatalytic degradation efficiency of
AO7 at irradiation time of 15 min. [AO7]y =20mg1~!; [ZnO] = 160 mg -1 pH
neutral.
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Fig. 11. Inhibition of photodegradation of AO7 (20mgl~!') by ethanol.
[ZnO] =160 mg1~!; pH neutral.

H,O, + hVB+ — HT +HO,* (17

Therefore, high concentration of hydrogen peroxide inhibited
the reaction rate of dye degradation by competing with AO7 for
available hydroxyl radicals [13,19].

3.8. Effect of addition of ethanol

Alcohols such as ethanol are commonly used to quench
hydroxyl radicals. The rate constant of reaction between
hydroxyl radical and ethanol is 1.9 x 10° M~!s~! [3,4,16]. It
was observed that small amounts of ethanol inhibited the pho-
tocatalytic degradation of AO7. Fig. 11 shows that addition of
ethanol inhibits the photooxidative degradation of AO7. The
retarding effect of ethanol in this system can be explained by
*OH competitive reactions with AO7 and ethanol. This result
showed that hydroxyl radicals play a major role in the UV/ZnO
process [3,4].

3.9. Electrical energy efficiency

Science photodegradation of aqueous organic pollutant is
an electric energy-intensive process, and electric energy can
represent a major fraction of the operating costs, simple figures-
of-merit based on electric energy consumption can be very useful
and informative. Recently, the Photochemistry commission of
the International Union of Pure and Applied Chemistry IUPAC)
proposed a figure-of-merit (or more appropriately, an efficiency
index, as it compare electrical efficiency of different AOPs) for
UV-based AOPs. It compares electrical efficiency of different
UV-based AOPs and it is a measure of the electrical efficiency
of an AOP system. It is defined (for low concentration of pollu-
tants) as the electrical energy in kilowatt hours (kWh) required
for bringing about the degradation of a contaminate by one order
of magnitude in 1 m?® of contaminated water [20]. Considering
first-order degradation kinetics, the UV dose was calculated for
each of the processes using Eq. (18). The EE/O values were
obtained from the inverse of the slope of a plot of log(Cy/C) ver-
sus energy dose (kWh/m?) using Eq. (19) [20,21]. The EE/O
values for photocatalytic decolorization of C.I. Acid Orange
7 by UV/ZnO and UV/ZnO/H,0; processes were 384 and

172 kWh/m?3, respectively.

1000 x lamp power (kW) x time (h)
UV dose = (18)
treated volume (1)

EE/O = OV dose. (19)
log(Co/C)

The EE/O values showed that a moderated efficiency was
obtained in the UV/ZnO process. It is also clear that
UV/ZnO/H,>0; process offered the best energy efficiency. In
conclusion, the use of the HyO» with optimized concentration
(10mM) in the UV/ZnO process can be extremely helpful in
reducing the energetic cost of wastewater treatment [20-22].

4. Conclusion

The photocatalytic oxidation of AO7 has been studied using
ZnO nanopowder as photocatalyst. Photocatalytic degradation
of AO7 was negligible when ZnO nanopowder and UV light
were used on their own. The results indicated that degree of
degradation of AO7 was obviously affected by illumination time,
pH and photocatalyst amount. We also learned that optimal
amount of photocatalyst was 160mg1~!, with dye concentra-
tion of 20 mg1~!. ZnO cannot be used at pH lower than 4. The
photocatalytic decomposition of AO7 was most efficient in neu-
tral solution. The complete removal of color, after selection of
desired operational parameters, could be achieved in a relatively
short time of about 60 min. From the inhibitive effect of ethanol,
it was concluded that hydroxyl radicals were the main reactive
species, but probably positive holes were also involved. With
addition of oxidant into illuminated ZnO suspensions a syn-
ergistic effect was observed leading to an enhancement of the
process except of the additional amount of hydrogen peroxide
into ZnO suspension which causes a decrease to the rate of the
reaction. The kinetic of photocatalytic removal of AO7 followed
Langmuir—Hinshelwood model. The electrical energy consump-
tion per order of magnitude for photocatalytic degradation of
AO7 was lower in the UV/ZnO/H,0; process than that in the
UV/ZnO process.
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