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Abstract−Ni-doped ZnO rods were applied as a photocatalyst for the degradation of an azo dye (Reactive Black 5).
Effects of solution pH, catalyst dosage, initial RB5 concentration, H2O2 concentration, different purging gases, and type
of organic compounds on the removal efficiency of RB5 were studied. Ni-doped ZnO rods were synthesized by co-pre-
cipitation method. Neutral pH was selected as an optimal pH condition due to a photo-corrosion of ZnO in acidic and
basic conditions. Photocatalytic degradation efficiency of RB5 was increased as the catalyst dosage increased up to 1 g/
L, while it was decreased by increasing initial RB5 concentration. Pseudo-first-order rate constant (kobs) decreased from
0.122 to 0.0051 min−1 and electrical energy per order (EEo) increased from 39.34 to 941.18 (kWh/m3) by increasing RB5
concentration from 5 to 100 mg/L, respectively. Photocatalytic degradation efficiency of RB5 increased by increasing
H2O2 concentration, but this trend was not observed above 10 mM. Photocatalytic degradation efficiency of RB5
increased in the presence of folic acid and citric acid while interference was observed in the presence of humic acid,
EDTA, oxalic acid, and phenol. Photocatalytic activity was maintained even after five successive cycles.
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INTRODUCTION

Synthetic dyes used in textile industries are important pollut-
ants in water systems [1-5]. Azo compounds having one or more
azo groups (-N=N-) in aromatic rings are a kind of synthetic dye
commonly used for coloring agents in the textile, paint, ink, plas-
tics, and cosmetics industries [6]. Among several azo dyes, reac-
tive dyes have azo-based with different reactive groups [7,8]. They
are widely used in the textile industries because of their simple
drying procedure and good stability during the washing process
[7]. Remazol Black B (reactive black 5) has very toxic, mutagenic,
little biodegradability, and carcinogenic properties [9]. Thus, reac-
tive black 5 should be treated with suitable treatment processes
such as electrocoagulation [9], adsorption [10], membrane pro-
cess [11], wet oxidation [12], and bioremediation [13]. Among
several processes, advanced oxidation processes (AOPs) produc-
ing hydroxyl radicals via UV/H2O2, UV/O3, UV/ZnO, UV/TiO2,
and UV/Fenton process have been widely used for the removal of
toxic compounds [9,14-16]. ZnO and TiO2 are commonly used
for their easy availability and nontoxicity [14,17-19].

Zinc oxide (ZnO) is a semiconductor having a wide band gap
energy (~3.3 eV) that has transparent properties in the visible range
[20-22]. However, there are some limitations in the application of
pure ZnO particles as a photocatalyst. One main limitation is the
fast recombination rate of the generated electron and positive hole
[23]. Therefore, reduction of electron-hole recombination rate is

highly necessary for the real application of pure ZnO particles [23].
Usually, ZnO is doped with different types of metallic ions such as
Sn, Ga, In, Sn, Al, Sc, and Y in order to improve its transparent
conducting oxide (TCO) property [24-28]. Doping of transition
metal ions on the ZnO lattice can modify its optical, electrical, and
magnetic properties [12,24-26]. A number of studies have been
reported for the improvement of optical and magnetic properties
of ZnO by doping of transition metal ions [29]. Saharan et al. [26]
used Ni doped ZnO nanoparticles and ultrasonication in photo-
catalytic degradation of Victoria blue (VB) and Fast green FCF
(FG) dyes [26]. Kaneva et al. [30] investigated the effect of nickel
doping on the photocatalytic activity of ZnO thin films under UV
and visible light for removal of Malachite Green (MG) [30]. Kant
and Kumar [24] investigated photocatalytic properties of ZnO and
Ni doped ZnO nanospheres prepared by sol-gel method for re-
moval of Methylene Blue (MB) [24]. Also, there are many reports
about photocatalytic degradation of dyes with undoped ZnO [1,
31-33]. However, very little information is available for the removal
efficiency and removal kinetics of RB5 with illuminated Ni doped
ZnO particles at different reaction parameters.

We used a modified synthetic method of Ni-doped ZnO com-
pared to the other researchers. Saharan et al. [26] synthesized Ni-
ZnO via chemical precipitation method by using surfactant CTAB
at low temperature [26]. Kant and Kumar [24] used citric acid for
the preparation of Ni doped ZnO nanospheres by sol-gel method
[24]. Applicability of Ni-doped ZnO rods as an efficient photocat-
alyst for the degradation of RB5 was evaluated at different reac-
tion conditions. Effect of initial solution pH, photocatalyst dosage,
initial RB5 concentration, H2O2 concentration, different purging
gases, and different type of organic compounds (folic acid, citric
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acid, humic acid, oxalic acid, phenol, ethylenediaminetetraaceti-
cacid (EDTA)) on the photocatalytic degradation of RB5 was in-
vestigated. Additionally, kinetic study was conducted and experi-
mental results were simulated with zero, first, second, and Lang-
muir-Hinshelwood kinetic models. The electrical energy per order
(EEo) was calculated to evaluate the cost-efficiencies of the applied
processes.

MATERIALS AND METHODS

1. Chemicals
Zinc nitrate, nickel nitrate, acetone, sodium hydroxide, folic acid,

citric acid, humic acid, oxalic acid, phenol, EDTA, hydrogen per-
oxide, and hydrochloric acid were purchased from Merck, Ger-
many, and used without further purification. Reactive Black 5 (RB5)
was purchased from Alvan Sabet Co., Iran. Chemical structure
and absorption spectrum of RB5 at different pHs are presented in
Table 1 and Fig. 1, respectively [10]. A photocatalytic reactor used
in previous work was applied in this study [34]. A 125 W medium-
pressure UVC lamp (Arda, France), emitting maximum wavelength
at 247.3 nm, was applied as a light source. The light intensity of

UVC lamp was equal to 1,020µw/cm2 measured by a Spectroline
model DRC-100X digital radiometer combined with a DIX-365
radiation sensor (ShokofanTosee, Iran).
2. Synthesis of ZnO Sheets and Ni-doped ZnO Rods by Co-pre-
cipitation Method

ZnO sheets were synthesized adopting the method previously
reported [34]. A stock solution (pH=6) of 0.1 M Zn(II) was pre-
pared by dissolving zinc chloride into distilled water. Then 0.2 M
NaOH solution was added dropwise to the precursor solution to
obtain an alkaline medium (pH=12), producing a white and gelat-
inous ZnO. The synthetic reaction was fundamentally performed
for 7 h under constant stirring. The solid products in aqueous
solution were centrifuged (Sigma-301, 4,000rpm, Germany), washed
with deionized water, and then dried at 100 oC for 3 h. Ni-doped
ZnO powder was synthesized using a co-precipitation method.
Zn(II) and Ni(II) solutions were prepared by dissolving appropri-
ate amount of zinc nitrate (Zn(NO3)2·6H2O) and nickel nitrate
(Ni(NO3)2·6H2O) into distilled water, respectively. The nickel nitrate
solution was slowly added to the zinc nitrate solution under con-
stant stirring. Ammonia solution (0.2 M) was added dropwise to
the precursor solution to obtain an alkaline medium (pH 10) pro-
ducing green color precipitates. Then the solutions were mixed for
3 h under constant stirring. The solid products in aqueous solu-
tion were centrifuged (Sigma-301, 4,000 rpm, Germany), washed
five times with distilled water, three times with acetone, and then
dried for 18 h at 80 oC. Finally, the sample was calcined at 250 oC.
Fourier transform infrared spectroscopy (FT-IR), X-ray diffraction
(XRD), field emission scanning electron microscopy (FE-SEM),
energy dispersive X-ray spectroscopy (EDX), X-ray photoelectron
spectroscopy (XPS), Raman spectroscopy (Jobin-Yvon, HR800)
with the 514 nm line of an Ar ion laser, and UV-Vis spectropho-
tometer (Hach-DR 5000, USA) were used to characterize the pre-
pared ZnO particles and Ni-doped ZnO rods. The pHZPC of Ni-
doped ZnO rods was determined adopting the method previ-
ously reported [35].
3. Experimental Procedure and Analysis

A stock solution (1,000 mg/L) of RB5 was prepared by dissolv-
ing RB5 into distilled water. In each experiment, a certain dosage
of the photocatalyst (0.1-1 g/L) was added in 1 L of RB5 solution
at different concentration (5-100 mg/L) and solution pH (3-11).

Table 1. Chemical structure and characteristics of RB5
Color index name Reactive black 5

Chemical structure

Chemical class Anionic, Diazo
Molecular formula C26H21Na4N5O19S6

Color index number 20505
λmax (nm) 597
Mw (g/mol) 991.8
Reactive group Sulfatoethylsulfone
pKa 5.8

Fig. 1. The absorption spectrum of reactive black 5 at different pHs.
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The initial pH of solution was adjusted by adding NaOH or HCl
(0.1 mol/L) and was measured by pH meter (Metron, Switzer-
land). All experiments were performed for 2 h. The solution in the
photoreactor was kept at constant temperature (25±1 oC) and con-
stantly stirred. The photocatalyst suspension was equilibrated in
the dark for 15 min. After equilibration, the UV-lamp was switched
on and a portion of suspension (10 mL) was removed at definite
time intervals. The aqueous sample was centrifuged (Sigma-301,
Germany) at 4,000 rpm for 10 min to eliminate photocatalyst and
then the concentration of residual RB5 was analyzed. The RB5
concentration in each sample was measured with a spectropho-
tometer (UV/Vis Spectrophotometer, Hach-DR 5000, USA) at
λmax=597 nm by a calibration curve, which was obtained based on
Beer-Lambert law [36]. Chemical oxygen demand (COD) was de-
termined by COD reactor model AR851 (HACH, USA) accord-
ing to the Standard Methods [36].

RESULTS AND DISCUSSION

1. Characterization of Photocatalyst
1-1. FT-IR Analysis

The functional groups on the surface of photocatalyst can play
a significant role in the photocatalytic activity, because photocata-
lytic reactions mostly occur on the surface of photocatalyst. Thus,
FT-IR analysis on the surface of ZnO sheets and Ni-doped ZnO
rods was performed in the range of 400-4,000 cm−1 (Fig. 2(a) and
(b)). FT-IR spectrum showed several significant absorption peaks
at 458, 727, 913, 1,512, 1,608, 2,889, and 3,451 cm−1 for the ZnO
sheets and absorption peaks at 425, 553, 886, 1,382, 1,630, and
3,388 cm−1 for the Ni-doped ZnO rods. The band located at 458
cm−1 corresponds to Zn-O stretching. The band at 3,500 cm−1 cor-
responds to the hydroxyl groups (−OH). In the FT-IR spectrum of
the Ni-doped ZnO rods, the broad absorption bands at 3,451 cm−1

and 3,388 cm−1 correspond to the O-H stretching vibration of water
present in ZnO, and the other absorption band at 2,889 cm−1 may

be assigned to a residual organic component [26,35]. The bands at
1,608 cm−1 and 1,630 cm−1 can be associated with the bending vibra-
tion of H2O molecules. The stretching bands at 485 cm−1 and 425
cm−1 confirm the formation of ZnO particles [26]. The peaks be-
tween 400 and 600cm−1 are assigned to metal-oxygen (M-H) stretch-
ing mode [25]. FT-IR spectra of Ni doped ZnO are almost similar
to those of ZnO. The vibration modes at 886 and 1,382 cm−1 are
associated with Ni2+ occupation at Zn2+ sites [25].
1-2. XRD Analysis

Fig. 3(a) and (b) show the X-ray diffraction patterns of ZnO
sheets and Ni-doped ZnO rods, respectively. The dominant peaks
of ZnO sheets depicted as 2θ values are 31.68, 34.32, 36.13, 47.48,
56.50, 62.80, 66.54, 67.88, 69.07, 73.00 and 77.34o, corresponding
to the (100), (002), (101), (102), (110), (103), (200), (112), (201),
(004) and (202) planes of hexagonal wurtzite ZnO according to
JCPDS Card number of 36-1451, respectively [37]. In addition, as
shown in Fig. 3(b), peaks corresponding to nickel oxides or other
crystalline material were not found in the recorded patterns. While,
decreased peak intensities were observed due to substitution of Ni
ion into ZnO matrix [28]. This result indicates that nickel ions
have been successfully replaced in ZnO lattice. The average grain
size of ZnO sheet and Ni-doped ZnO rods was 21.23 nm and
14.23 nm for ZnO sheets and Ni-doped ZnO rods, respectively, by
using Scherrer’s equation [29]. It is generally known that direct
replacement of the lattice ion by the dopant metal occurs if the
size of the dopant ion is comparable or smaller compared to that
of lattice ion [38].
1-3. SEM and EDX Analysis

Field emission scanning electronic microscopy (FE-SEM) images
of ZnO and Ni-doped ZnO rods were analyzed by a Mira micro-
scope (Mira3, Tescan, Czech Republic). SEM images of ZnO sheets
and Ni-doped ZnO rods are shown in Fig. 4(a) and Fig. 4(b),
respectively. Fig. 4(a) and (b) show sheet structure of ZnO and rod
structure of Ni-doped ZnO, respectively. EDX patterns of the ZnO

Fig. 2. FT-IR image of samples: (a) ZnO sheets and (b) Ni-doped
ZnO rods.

Fig. 3. XRD image of samples: (a) ZnO sheets and (b) Ni-doped
ZnO rods.
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sheets and Ni-doped ZnO rods are depicted in Fig. 5(a) and (b),
respectively. According to the results of EDX analysis, weight per-
cent of Zn and O in the ZnO sheets was 57.28 and 42.72%, and
weight percent of Zn, O, and Ni in the Ni-doped ZnO rods was
47.47, 35.16 and 1.7%, respectively. Therefore, the synthesized
compound is composed of Zn, O, and Ni, indicating formation of
Ni-doped ZnO rods.
1-4. XPS, Raman and UV-Vis Analysis

XPS, Raman, and UV-Vis images of ZnO sheets and Ni-doped
ZnO rods are shown in Fig. 6(a), Fig. 6(b), and Fig. 6(c), respec-
tively. Valance state, substitution, and content of Ni ions in ZnO
rods are shown in the XPS spectrum. The peaks of Ni 2p3/2 and
Ni 2p1/2 core levels are found at 855.51±0.10 and 873.01±0.10 eV,
respectively, whereas the corresponding satellite structures are

clearly observed at 861.014±0.10 and 879.214±0.10 eV [39,40]. The
Ni 2p3/2 (855.51±0.10 eV) position is quite different from that of
metallic Ni (852.7 eV), NiO (853.8 eV), and Ni2O3 (856.7 eV) [39].
This indicates that nickel of Ni-doped ZnO rods is present as +2
valence state [39,40]. Therefore, it is likely that there is a replace-
ment of Zn+2 by Ni+2 in the ZnO lattice [39,40]. Fig. 6(b) displays
the Raman spectra of ZnO sheets and Ni-doped ZnO. Raman
spectra showed significant absorption peaks at 335, 382, 445, and
578 cm−1 for the ZnO sheets and absorption peaks at 342, 395,
447, and 583 cm−1 for the Ni-doped ZnO rods [39]. Also, the peak
intensity (445 cm−1) of Ni-doped ZnO rods has been decreased
due to doping of Ni into ZnO matrix [39]. Two additional modes
were appeared at 528 and 816 cm−1 after doping, which was asso-
ciated with the lattice defect [39].

Fig. 4. SEM image of samples: (a) ZnO sheets and (b) Ni-doped ZnO rods.



816 M. Gholami et al.

March, 2016

Effect of Ni substitution on wurtzite structure of ZnO was fur-
ther confirmed using UV-visible optical spectroscopy measured in
the range 300-800 nm. Fig. 6(c) shows optical absorption spectra
of ZnO sheets and Ni-doped ZnO rods. The absorption band edge
of undoped ZnO was observed at 360 nm and it shifted to longer
wavelength region (375 nm) for the Ni-doped ZnO rods [41]. The
observed red shift in the absorption band edge with nickel doping
in ZnO may be due to the sp-d exchange interactions between the
band electrons and the localized d-electrons of the Ni2+ ions [41].
Such a red shift in band edge with increasing nickel dopant is a
clear indication of the incorporation of Ni ions into the Zn site of
the ZnO matrix [41].
2. Effects of Operational Parameters on the Photocatalytic De-
gradation of RB5
2-1. Effect of Initial pH on the Photocatalytic Degradation of RB5

Effect of initial pH on the photocatalytic degradation of RB5
with illuminated Ni-doped ZnO rods was investigated by varying
the initial pH from 3 to 11 at constant dosage of photocatalyst
(0.2 g/L) and at constant initial RB5 concentration (20 mg/L). Fig.
7 shows that degradation efficiency of RB5 was enhanced from
77.46 to 91.35% by increasing the initial pH from 3 to 7 and then
decreased to 80.53% at pH 11. One reason for the maximum deg-
radation efficiency at neutral pH can be the photo-corrosion of
ZnO in strong acidic and basic solutions. The pHpzc of Ni-doped
ZnO rods was approximately 8. The pHpzc of ZnO is known as 9
from previous studies [42]. The surface of Ni-doped ZnO rods
acquires a negative surface charge above pH 8 [1,37]. However,
below pHZPC, the surface of Ni-doped ZnO rods acquires positive
charge, and dye molecule also has a little negative charge. There-
fore, there is weak attraction between dye molecule and Ni-doped
ZnO rods that causes decreasing dye uptake. Since the most effec-

Fig. 6. (a) XPS for Ni-doped ZnO rods, (b) Raman, and (c) UV-Vis
image of samples.

Fig. 5. EDX image of samples: (a) ZnO sheets and (b) Ni-doped
ZnO rods.
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tive degradation of RB5 was observed at pH 7, other experiments
were also performed at the same pH [1]. Also, stability of Ni-doped
ZnO rods has been assessed at different solution pH values. Ac-
cording to the pHpzc data, the results showed that Ni-doped ZnO
rods are stable in acidic solutions (pH>2).
2-2. Effect of Photocatalyst Dosage

 Effect of photocatalyst dosage on the photocatalytic degrada-
tion of RB5 was studied by varying the Ni-doped ZnO rods dos-
age (0.1, 0.2, 0.4, 1 g/L) at constant concentration of RB5 (20 mg/
L) and at pH 7. Fig. 8 shows that initial adsorption efficiency at
time zero, without UV irradiation, varied from 5.48 to 32.74%
depending on the dosage of Ni-doped ZnO rods. The increased
total active surface area can be a major reason for the enhanced
removal of RB5. Since the photocatalytic degradation efficiency of

RB5 was just slightly different between 0.2 g/L and 1 g/L (almost
8.64%), further experiments were performed at 0.2 g/L. Photocata-
lytic degradation efficiency of RB5 increased from 24.83 to 91.35%
by increasing irradiation time from 15 to 120 min in Ni-doped
ZnO rods dosage equal to 0.2 g/L.
2-3. Effect of Initial Concentration of RB5

Removal of RB5 by UV/Ni-doped ZnO rods was investigated
by varying the initial RB5 concentration (5, 10, 20, 80, 80, 100 mg/
L) at initial pH 7 and at constant Ni-doped ZnO rods (0.2 g/L)
(Fig. 9). Photocatalytic degradation efficiency of RB5 decreased
from 99.99 to 47.41% with increasing initial RB5 concentration
from 5 to 100 mg/L after 2 h. When the initial RB5 concentration
increased, more RB5 molecules could be adsorbed on the surface
of Ni-doped ZnO rods. The large amount of adsorbed RB5 and its
degradation intermediates might have an inhibitive effect on the
further photocatalytic degradation of RB5, because only a few free
sites are available on the surface of Ni-doped ZnO rods for receiv-
ing photons [31,32]. Moreover, when RB5 concentration increases,
it causes more absorption of UV light causing inner filtration effect.
Similar results have been reported [17,18,43,44].
2-4. Effect of the Hydrogen Peroxide

Photocatalytic removal of RB5 has been studied at different hy-
drogen peroxide concentrations from 2 to 50 mM at constant ini-
tial RB5 concentration (20 mg/L), photocatalyst dosage (0.2 g/L),
and pH7 for 120 min. As shown in Fig. 10, photocatalytic degra-
dation efficiency of RB5 increased up to 10 mM but decreased
above 10 mM. The increased removal efficiency of RB5 after addi-
tion of H2O2 below 10 mM can be explained by the increased
reaction between H2O2 and electron in the conduction band of
Ni-doped ZnO rods, causing effective inhibition of electron-hole
recombination as described in Eq. (2) [32,33,37]. Since hydrogen
peroxide is a better electron acceptor than dissolved oxygen, it can
act as a good electron acceptor during photocatalytic reaction at
low concentration. While, at high concentration, it can act as a
powerful scavenger of •OH as shown in Eqs. (4) and (5), causing a

Fig. 8. The effect of catalyst dosage on the photocatalytic degrada-
tion of RB5 (pH=7, [RB5]0=20 ppm).

Fig. 7. The effect of initial pH on the photocatalytic degradation of
RB5 (catalyst dosage=0.2 g/L, [RB5]0=20 ppm).

Fig. 9. The effect of initial RB5 concentration on the photocatalytic
degradation of RB5 (catalyst dosage=0.2 g/L, pH=7).
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decrease of the photocatalytic degradation efficiency of RB5 [33,37].
Daneshvar et al. [32] reported that removal efficiency AO7 in UV/
ZnO process increased with increasing H2O2 concentration, but
the improvement was not obvious above 10 mM [32].

H2O2+e−CB→OH−+HO· (1)

H2O2+hυ→2HO· (2)

H2O2+HO·
→HO·

2+H2O (3)

HO·
2+HO·

→H2O+O2 (4)

H2O2+h+
VB→H++HO·

2 (5)

These results suggest that proper addition of hydrogen peroxide is
necessary in order to accelerate the photocatalytic degradation rate
of RB5.
2-5. Effect of Purging Gas

Fig. 11 shows the effect of different purging gases such as nitro-
gen and oxygen on the photocatalytic degradation of RB5. In this
experiment, initial RB5 concentration, photocatalyst dosage, and
initial pH were 20 mg/L, 0.2 g/L and 7, respectively. The gas flow
rate was 2 L/min. Photocatalytic degradation efficiency of RB5 was
enhanced with purging of both nitrogen gas and oxygen gas com-
pared to that at ambient condition. The photocatalytic degrada-
tion efficiency of RB5 with oxygen purging increased from 57.0 to
99.99% as reaction time increased from 10 to 80 min. The photo-
catalytic degradation efficiency of RB5 with nitrogen purging in-
creased from 34.3 to 99.91% as reaction time increased from 10 to
120 min. However, it ranged from 24.83 to 91.35% by increasing
time from 10 to 120 min at ambient condition. Also, the dissolved
oxygen concentration was measured over the reaction time. As
shown in Fig. 11, the dissolved oxygen concentration decreased
from 18.5 to 15.63 mg/L as reaction time increased from 10 to
80 min. This result indicates the important role of oxygen during
photocatalysis [45]. Dissolved oxygen can be transformed to a
superoxide radical anion (·O2

−), which can produce reactive radi-
cals through several reaction steps by reaction with excited elec-
trons in the conduction band of photocatalysts [45]. Another reason
for the enhanced photocatalytic degradation of RB5 with gas purg-
ing may be the increased electron scavenging effect. Electrons gen-
erated in the conduction band may effectively react with dissolved
oxygen, which can inhibit recombination between positive holes
and electrons [46]. Also, the COD was measured over the reaction
time. The COD value at 0, 15, 30, 45, 60, 75, 90, 105, 120 min was
800, 300, 260, 200, 180, 120, 100, 50, 50 mg/L, respectively. Per-
centage of COD removal increased from 62.5 to 93.75%. Saharan
et al. [26] reported that presence of oxygen gas increased the
removal efficiency of Victoria blue (VB) and Fast green FCF (FG)
due to the synergistic effect of Ni doped ZnO nanoparticles and
ultrasonication, but it decreased in the presence of argon gas [26].
Chakrabarti and Dutta [47] reported photocatalytic degradation of
Eosin Y and Methylene Blue dyes in wastewater using ZnO as a
photocatalyst [47]. The result showed that the percentage degrada-
tion of Eosin Y increased from 39 to 63% as the air flow rate in-
creased from 0 to 11.3 L/min. Corresponding COD removal in-
creased from 8.1 to 37.8%. For Methylene Blue, COD removal in-
creased from 50 to 58% as the airflow rate increased from 0 to
6.13 L/min. Percentage of COD removal increased from 20 to 24%.
Pare et al. [48] reported that purging of oxygen gas increased re-
moval efficiency of Lissamine Fast Yellow (LFY) in ZnO suspen-
sion, but it decreased with N2 purging [48].
2-6. Effect of the Presence of Organic Compounds

To assess the effect of different organic compounds on the pho-
tocatalytic degradation of RB5, constant amounts of organic com-
pounds (folic acid, citric acid, humic acid, oxalic acid, phenol,
ethylenediaminetetraacetic acid (EDTA)) were added to the pho-
tocatalytic reactor. Initial concentration of each organic compound
was 20 mg/L. And initial concentration of RB5, photocatalyst dos-
age, and initial pH was 20 mg/L, 0.2 g/L, and 7, respectively. Fig.

Fig. 11. The effect of different purging gases and variation of DO
concentration during photocatalytic degradation of RB5 (cat-
alyst dosage=0.2 g/L, pH=7, [RB5]0=20 ppm).

Fig. 10. The effect of hydrogen peroxide on the photocatalytic deg-
radation of RB5 (catalyst dosage=0.2 g/L, pH=7, [RB5]0=
20 ppm).
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12 shows that RB5 removal increased in the presence of folic acid
and citric acid compared to the control test (without organic spe-
cies). However, RB5 removal decreased in the presence of humic
acid, EDTA, oxalic acid and phenol. The increased photocatalytic
degradation of RB5 in the presence of folic acid and citric acid can
be attributed to the production of additional oxidants during pho-
tocatalytic oxidation of folic acid and citric acid [49]. But the
decreased photocatalytic degradation of RB5 in the presence of
humic acid, EDTA, oxalic acid and phenol can be attributed to the
greater interference effect of adsorbed organic molecules on the
surface of photocatalyst than production of additional oxidants.
3. Kinetics and Electrical Energy Per Order (EEo) Studies

To obtain kinetic information, experimental results were fitted
with zero, first- and second-order equations [45]. To obtain kinetic
data for the photocatalytic degradation of RB5, [RB5]0−[RB5]t,
ln[[RB5]0/[RB5]t], and 1/[RB5]t−1/[RB5]0 versus t was plotted at
different initial RB5 concentrations. The relationship between ini-

tial degradation rate (r) and initial RB5 concentration for a hetero-
geneous photocatalytic degradation process can be described by
Langmuir-Hinshelwood model. From economic point of view, the
EEo value of the photocatalytic degradation of RB5, defined as the
number of kWh of electrical energy required to reduce pollutant
concentration by 1 order of magnitude (90%) in 1 m3 of contami-
nated water, was evaluated. Equations and constants are summa-
rized in Table 2.

Photocatalytic degradation of RB5 was fitted well with the pseudo-
first order kinetic model compared to the other kinetic models. As
can be seen from Table 3, pseudo-first order rate constants (kobs)
and R2 decreased from 0.122 to 0.0051 min−1 and 0.9995 to 0.9841
with increasing the initial RB5 concentration from 5 to 100 mg/L.
The kobs values for each initial concentration (Table 3) were calcu-
lated from the slope between ln[[RB5]0/[RB5]t] versus reaction
time. KRB5 and kc were 0.241 (L/mg) and 0.524 (mg/L/min) by
plotting 1/kobs versus initial RB5 concentration, respectively. Dane-
shvar et al. [32] reported L-H equation constants for degradation
of Acid Orange 7 (20 mg/L) with ZnO nanopowder [32]. KAO7

and kc values were 0.354 L/mg and 1.99 mg/L/min, respectively.
Chakrabarti and Dutta [47] reported that Langmuir adsorption
constant of Methylene Blue and Eosin Y was 0.0345 and 0.0859 L/

Fig. 12. The effect of different organic compounds on the photocat-
alytic degradation of RB5 (catalyst dosage=0.2 g/L, pH=7,
[RB5]0=20 ppm, organic compounds=20 ppm).

Table 2. Kinetics models, electrical energy per order equations and parameters for the photocatalytic degradation of RB5
Kinetic models Electrical energy per order Parameters
Zero-order
[RB5]0−[RB5]t=k0t

[RB5]0 (mg/L), [RB5]t (mg/L),
k0 (mol L−1 min−1), kobs (1/min),
k2 (L mol−1 min−1), [RB5]0 (mg/L),
kc (mgL−1 min−1), KRB5 (L mg−1),
P (kW), V (L), EEo (kWh/m3)

First-order

Second-order

Langmuir-Hinshelwood

EEO = 
38.4 P×
V kobs×
-----------------

RB5[ ]0

RB5[ ]t
---------------- = kobstln

EEO = 
p t× 1000×

V 60× RB5[ ]i/ RB5[ ]f( )log×
-----------------------------------------------------------------

1
RB5[ ]0
----------------  − 

1
RB5[ ]t
---------------- = k2t

− 
d RB5[ ]

dt
------------------ = 

kcKRB5 RB5[ ]

1+ KRB5 RB5[ ]0
----------------------------------  = kobs RB5[ ]

1
kobs
------- = 

1
kcKRB5
--------------- + 

RB5[ ]0

kc
----------------

Table 3. Kinetic parameters and electrical energy per order obtained
at different RB5 concentration (catalyst dosage=0.2g/L and
pH=7)

[RB5]0

(ppm)

First-order Electrical energy
per order

kobs 1/kobs R2 EEo

(kWh/m3)(min−1) (min)
005 0.1220 008.19 0.9995 039.34
010 0.0666 015.01 0.9986 072.07
020 0.0170 058.82 0.9879 282.35
040 0.0098 102.04 0.9876 489.80
080 0.0065 153.84 0.9866 738.46
100 0.0051 196.07 0.9841 941.18
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mg, respectively, from the photocatalytic degradation of two tex-
tile dyes using ZnO [47]. EEo values for the processes studied in
this work are summarized in Table 3. EEo value increased from
39.34 to 941.18 kWh/m3 with increasing RB5 concentration from
5 to 100 mg/L.
4. The Comparison of Each Process

To evaluate the effect of various processes on the photocatalytic
degradation of RB5, the removal efficiency of RB5 by Ni-alone,
ZnO-alone, Ni-doped ZnO, UV-alone, UV/Ni, UV/ZnO, and UV/
Ni-doped ZnO was compared at the same reaction condition. Ini-
tial RB5 concentration, photocatalyst dosage, and initial pH were
20 mg/L, 0.2 g/L, and 7, respectively. Fig. 13 shows that the removal
efficiency for each process was 4.17%, 7.2%, 13.54%, 16.53%, 31.37%,
69.91%, and 91.35%. The removal of RB5 through just adsorption
process was insignificant. As shown in Fig. 13, RB5 removal
through just adsorption process by Ni-doped ZnO is greater than
ZnO-alone. This result can be explained by the different adsorp-
tion capacity due to different surface properties, including surface
morphology. Removal efficiency of RB5 by UV/Ni-doped ZnO
process was about 91.35%, which was greater than that by UV/
ZnO (69.91%) process. Removal efficiency difference between UV/
Ni-doped ZnO and UV/ZnO-alone is greater than that between
Ni-doped ZnO and ZnO-alone. This comparison shows that the
UV/Ni-doped ZnO process is an effective process for the removal
of RB5 from aqueous solution compared to ZnO/UV or UV pro-
cess. Similar to this study, Amisha et al. [2] performed photo min-
eralization of RB5 (5×10−4 M) with ZnO using solar and UV-A
light at pH7 [2]. They reported that ZnO-alone just removed
8.68% of RB5 through adsorption process. They also reported that
RB5 removal by ZnO/solar light and ZnO/UV was 52.5% and
99.91%, respectively.

The EEo values for UV, UV/Ni, UV/ZnO, and UV/Ni-doped
ZnO rods processes are summarized in Table 4. The EEo value of
UV/Ni-doped ZnO rods process is lower than that of UV, UV/Ni,
and UV/ZnO processes. Daneshvar et al. [32] reported EEo values

of 384 and 172 kWh/m3 from the photodegradation of Acid Orange
7 by UV/ZnO and UV/ZnO/H2O2 processes, respectively [32].

The mechanism for the photocatalytic removal of dye was
reported by Senapati et al. [50]. When Ni-doped ZnO is illumi-
nated with the UV light (λ<390 nm), an electron excites from the
valence band to the conduction band to give electron-hole pairs
(Eq. (6)) [51]:

ZnO+hυ→ZnO (e−CB+h+
VB) (6)

Then, electron and hole can take part in the reactions with elec-
tron acceptors like O2 and donors like H2O or OH− to generate
highly reactive radical species like hydroxyl radicals (E0=+3.06 V)
[51].

h+
VB+RB5→RB5•+

→oxidation of the RB5 (7)

h+
VB+H2O→H++•OH (8)

h+
VB+OH−

→•OH (9)

•OH+RB5→degradation of the RB5 (10)

In general, the doping of a metal ion in a semiconductor shifts the
Fermi level towards more negative potentials and improves the
efficiency of the interfacial charge transfer process [52]. Therefore,
electron transfer can occur from the conduction band of ZnO to
the new Fermi level (Ef) in the Ni/ZnO structure [53]. From this
result, the photodegradation of RB5 by Ni/ZnO hybrid can be
enhanced due to the production of more hydroxyl radical in com-
parison to pure ZnO. In addition, the photogenerated electrons in
the new Fermi level can be easily trapped by the adsorbed O2 [50].
From this reaction, superoxide radicals are produced and form
HO2 in the presence of water [50]. Subsequently, HO2 is reduced
to H2O2, followed by the generation of hydroxyl radical, the main
species to bring about the degradation of dye molecules as follows
[50].

O2+e−→·O2
− (11)

·O2
−+H+

→HO2
·• (12)

HO2•+e−+H+
→H2O2 (13)

H2O2+e−→OH•+OH− (14)

5. Spectral Changes of RB5 During Photocatalytic Degradation
and Reusability of Catalyst

The changes in the absorption spectra of RB5 solutions during
the photocatalytic process at different irradiation times are shown
in Fig. 14. The spectrum of RB5 in the visible region exhibits a
main band at 597 nm. The decreased absorption peak of RB5 at

Fig. 13. The contribution of each process involved in the photocat-
alytic degradation of RB5 (catalyst dosage=0.2 g/L, pH=7,
[RB5]0=20 ppm).

Table 4. The EEo values for photolytic and photocatalytic degrada-
tion of RB5 (catalyst dosage=0.2 g/L, [RB5]0=20 ppm and
pH=7)
Process EEo (kWh/m3)
UV 15297.79
UV/Ni 02643.43
UV/ZnO 0571.7
UV/Ni-doped ZnO 00265.53
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597 nm indicates a rapid degradation of the dye molecule. It also
indicates that a nitrogen double bond (-N=N-) of the azo dye is
the most active site for oxidative attack. Near complete degrada-
tion of the dye was observed after 2 h in an optimized condition
[2,9,18]. The reusability of the photocatalyst for the photocatalytic
degradation of RB5 was measured by applying five repeated cycles
of photocatalytic reaction and desorption process (Fig. 14). The
photocatalytic degradation of RB5 was performed with an initial
concentration of 20 mg/L, catalyst dosage of 0.2 g/L at pH 7. It was
observed that photocatalytic degradation of RB5 decreased from
91.35 to 65.4% without any desorption with NaOH at the second

cycle. Then, the photocatalyst loaded with pollutant was placed in
the 2 M NaOH solution as a desorbing agent. As can be seen in
Fig. 15, Ni-doped ZnO showed same photocatalytic activity during
five consecutive runs.

CONCLUSIONS

ZnO rods were doped with nickel through a simple co-precipi-
tation method and their photocatalytic activity for the degrada-
tion of an azo dye was assessed. The prepared Ni-doped ZnO rods
were characterized by FT-IR, XRD, FE-SEM, and EDX analyses.
XRD analysis showed crystallized nature of ZnO with pure wurtz-
ite phase. UV/Ni-doped ZnO rods showed the greatest photocata-
lytic activity compared with other processes. As the nanocatalyst
dosage increased, the photocatalytic degradation of RB5 increased.
Maximum degradation efficiency was observed at neutral pH
because of the photo-corrosion of Ni-doped ZnO rods as well as
electrostatic repulsions at exceedingly low and high pH values. By
first-order kinetic assumption, the kinetic rate and the L-H ad-
sorption constants were determined as 0.241 L/mg and 0.524 mg/
L/min, respectively. The electrical energy consumption per order
of magnitude for photocatalytic degradation of RB5 by UV/ZnO-
TiO2 process was lower than that by UV/ZnO, UV/Ni, and UV
process. The removal efficiency of RB5 was increased with purg-
ing gases and addition of hydrogen peroxide compared to that at
ambient condition. The presence of organic compounds such as
humic acid, EDTA, oxalic acid and phenol hindered the photocat-
alytic degradation of RB5. However, it increased in the presence of
folic acid and citric acid, which can produce additional oxidant
during photocatalytic degradation of RB5.
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