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ABSTRACT

In order to improve the photocatalytic activity, the researchers have loaded some metals or
metal oxides on semiconductors such as TiO, and ZnO surface. This study investigated the
degradation of acid orange 7 (AO7) from aqueous solution by prepared nanosized CuO-
ZnO immobilized on expanded perlite (nCuO-ZnO-P) as a photocatalyst in the presence of
visible light. First, nCuO-ZnO-P was simultaneously synthesized-immobilized by pyrolysis
of previously adsorbed Cu®* and Zn>* on perlite at 723.15 K in oven. The results showed
that, unlike ZnO, the prepared nanosized photocatalyst has an effective photocatalytic activ-
ity in the presence of visible light. The effective parameters on AO7 degradation which
were evaluated in the designed batch photoreactor included initial concentration of AO7
(Co), pH, the granule size of used perlite for immobilization (D), and temperature (T). It
was found that the content of degradation was followed by increasing order: Cy=15>25>
35>45>55mgl™", pH 7>8>9>6>5, D=0.50>0.75>1.00 > 1.25 > 1.50 mm, and T =318.15
>308.15>298.15 > 288.15 > 278.15 K.
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1. Introduction

Textile, paper, and some other industries’ waste-
water contain residual dyes which are not readily bio-
degradable. Advanced oxidation processes (AOPs) are
alternative techniques for removing dyes and many
other organics in wastewater and effluents [1]. Semi-
conductor photocatalysts such as TiO, and ZnO are
developed AOP, which can be conveniently applied to
remove different organic pollutants [2]. In order to

*Corresponding author.

improve the photocatalytic activity, the researchers
[3-9] focused their attentions on mixed oxide semicon-
ductors due to the fact that an efficient charge separa-
tion can be obtained by coupling semiconductor
particles with different energy levels [9-11]. Also, they
were interested to increase the efficiency of photocata-
lytic reactions as a result of vectorial transfer of photo-
generated electrons and holes from a semiconductor
to another. There are a lot of reports about CuO-ZnO
nanocomposites presently [12-14]; however, most of
them are used for methanol synthesis, hydrogen
production, gas sensor, and few are used for
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photodegradation [9]. Synthesis of CuO-ZnO nanop-
hotocatalyst for visible light-assisted degradation of a
textile dye in aqueous solution has been reported by
Sathishkumar et al. [9]. Saravanan et al. have studied
enhanced photocatalytic activity of CuO-ZnO nano-
composite for the degradation of textile dye on visible
light illumination [15]. Li and Wang have ferreted out
synthesis and photocatalytic activity of CuO-ZnO
nanocomposite for photodegradation of rhodamine B
under the simulated sunlight irradiation [16].

In numerous investigations, an aqueous suspension
of the catalyst particles has been used [17-19]. How-
ever, the use of suspensions requires separation and
recycling of the ultrafine catalyst from the treated
liquid and can be an inconvenient, time-consuming,
and expensive process. The key to the problem of
industrializing the technology seems to be simple and
low-cost immobilization of catalysts [20-23] on solid
media is suitable for the treatment process [24].

To circumvent the drawbacks, in the present study,
the visible light was used instead of UV-C light
because of its harmful and costly aspects and sup-
ported kind of photocatalyst was used instead of sus-
pension photocatalyst. The reason for choosing copper
oxide is due to its existence in stable form in atmo-
spheric condition [25,26]. In addition, it is expected
that the loaded CuO may improve photocatalytic
activity of ZnO in the visible region, since the work
function of CuO is quite similar to ZnO conduction
band level and the standard reduction potential of
oxygen molecule is considered to be probably an elec-
tron acceptor in ZnO aqueous suspension [9].

2. Experimental
2.1. Materials

The expanded perlite (perlite) used in the present
study was obtained from Goohar Sahand Co. (Iran).
Chemical composition and properties of the perlite are
shown in Table 1. Acid orange 7 (AO7), as a target
compound, was purchased from Boyakhsaz Co. (Iran).
Zn(NOs), and CuSO,4-5H,0 were obtained from Merck
(Germany). Deionized distilled water was used and all
the experiments were repeated three times (variance
(6% =0.008).

2.2. Preparation of nanosized CuO-ZnO immobilized on
perlite (nCuO-ZnO-P)

The nanosized CuO-ZnO immobilized on perlite
as a good support was prepared from pyrolysis of the
previously adsorbed zinc nitrate and copper sulfate on
perlite [1]. The solution of Zn(NO3), and CuSO, were
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Table 1
Chemical composition and properties of expanded perlite

Constituent Percentage (Wt. %)

SiOZ, A1203, KzO, CaO, NaZO,
Fe203, MgO, Mn02

81,114, 4.3, 0.9, 0.8,
0.7,0.6,0.2,0.1

Properties

Color White

pH 7

Specific area 53m’g™"
Melting point 1573.15 K
Density 03g cm?
Granule shape Globular
Solubility in water No soluble

stirred with perlite (the weight ratio of Cu:Zn:perlite
was 1:3:10) in deionized distilled water for 30 min
until zinc nitrate and copper sulfate adsorbed on
expanded perlite, after which perlite was filtered and
washed with the deionized distilled water and then
heated to 723.15K for 1 h in air oven for pyrolysis of
zinc nitrate and copper sulfate to ZnO and CuO,
respectively. To evaluate the supporting treatment,
nZnO-CuO-P granules were leached twice with deion-
ized distilled water and then dried. During treatment,
the tangible weight difference was not observed which
indicated good support. This method is easy, inexpen-
sive, and effective, so exclusive for zinc oxide com-
pared with TiO, as a standard semiconductor
(because its salt is soluble in water that solubility is
necessary in this method) [1]. By this method, synthe-
sis and immobilization of nanosized CuO-ZnO on
perlite was simultaneously performed.

2.3. Procedure

For the photodegradation of AO7, a solution con-
taining the known concentrations of dye was prepared
and then 1L of the prepared solution was transferred
into the designed photoreactor (Fig. 1), which con-
sisted of jacketed cylindrical with conical bottom Pyrex
(D=5 cm and length =20 ¢cm) and agitated with a mag-
netic stirrer during the experiment. To explore the
effect of pH, the solution’s pH was initially adjusted at
desired values by adding dilute NaOH and H,SO, and
by controlling with a pH meter (Philips PW 9422). The
solution temperature was adjusted with a cooling sys-
tem. Then the lamp (UV-C lamp: 8w-Philips and light
intensity =0.4 k Lux measured with a Lux-meter,
Leybold-Heraeus and fluorescent (visible) lamp:
18w-Pars, Iran) was switched on to initiate the reac-
tion. The concentration of the dye solution was deter-
mined with total organic carbon (TOC) analyzer
(Shimadzu TOC-VCSH, North America). The degree of
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Fig. 1. The schematic diagram of experimental apparatus
(photoreactor).

degradation of AO7 (removal efficiency) was calcu-
lated at different time intervals using the equation
given below:

Co—C;
Co

X% = x 100 (1

In which X% is the percentage of degradation, C, is
the initial concentration of AQO7, and C; is the
concentration of AO7 at time t.

2.4. XRD and SEM analysis methods

The average crystallite size (D in nm) of photocata-
lysts was determined using X-ray Diffraction (Bruker)
pattern according to the Scherrer Eq. [1]:

A
D= k(ﬁ~ cos 9> @

where k is a constant which is 0.89, 1 is the X-ray
wavelength which is 0.154 nm, f is the full width at
half maximum (0.0036 Radian), and 6 is the half dif-
fraction angle which is 18.

The morphology of the prepared catalysts and the
perlite were determined using a Leo 440i scanning
electron microscope (SEM) followed by AU coated by
the sputtering method using a coater sputter SC 761.
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3. Results and discussion
3.1. XRD and SEM analysis

The resulting graphs of the XRD analysis are
shown in Fig. 2. This figure shows clearly the same
pattern for the prepared nCuO-ZnO-P when compared
to the standard CuO-ZnO powder. The result of the
calculation shows that the average particle size is
about 40 nm [1]. Fig. 3 shows the SEM image of the
surface of the perlite and prepared photocatalyst. The
images of perlite surface confirm the high porosity of
perlite granules as a good support for the CuO-ZnO
nanoparticles (Fig. 3(a)).

3.2. Control test

For the evaluation of the photocatalytic activity of the
prepared photocatalyst, four experiments under basic
conditions (initial concentration of AO7 =35 mg I pH
7, the weight of nCuO-ZnO-P (perlite+ nCuO-ZnO) =
50 g, the granule size of perlite as a support=4 mm,
T=298.15 K, the volume of solution=1L, and reaction
time =90 min) were designed in order to measure the
degree of degradation in the presence of UV-C and/or
Vis. lights (nCuO-ZnO-P/UV and or nCuO-ZnO-P/
Vis.), the possibility of adsorption of AO7 on nCuO-
ZnO-P in the darkness condition nMCuO-ZnO-P/
darkness) and the possibility of photolysis of AO7 by
UV-C light (UV-C only). TOC results showed (Fig. 4) that
both the light (UV-C or visible) and the prepared
photocatalyst were needed for the effective destruction
of AO7. The degradation process has occurred in the
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Fig. 2. Standard CuO-ZnO powder diffraction pattern (a)
and XRD pattern of nanosized CuO-ZnO immobilized on
perlite (b).
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Fig. 3. SEM images of perlite (a) and nZnO-CuO-P (b).

presence of UV-C and visible light almost the same. In
the presence of visible light, the percentage of minerali-
zation was 90.82% under basic conditions. Also, Fig. 4
shows that nCuO-ZnO (in the darkness condition) and
UV-C light do not affect the adsorption and or photolysis
of AO7, respectively.

All of the following experiments were carried out
in the presence of visible light.

3.3. Effect of initial dye concentration

For this purpose, the experiments were carried out
with initial dye concentration, varying from 15 to
55 mgl " and other parameters were kept under basic
conditions. The results show that degradation effi-
ciency slightly decreases with an increase in the initial
amount of AO7 (Table 2). The phenomenon may be
attributed to two main factors. (1) At high dye concen-
tration, the adsorbed dye molecules may occupy all
the active sites of photocatalyst surface and this leads
to decrease in degradation efficiency [27-29]. (2)
Another reason may be due to the absorption of light
photon by the dye itself leading to a lesser availability
of photons for hydroxyl radical generation [1].

3.4. Effect of the initial pH

Electrokinetic studies have shown that the perlite
samples have no iso-electric point and have negative
zeta potential and surface charge [1]. The effect of pH
on the photocatalytic degradation efficiency of AO7

A. Khani and B. Pezeshki | Desalination and Water Treatment 57 (2016) 7047-7053

e Sl
Det SE
WD 11.21 mm

[ 3
SEM MAG: 25kx
SEM HV: 15.00 kv

100
90 A
80
&)
S 70
£
¥ 60
S == UV-C only
=
g %0
= == nCuO-ZnO-P/dakness
T 40
5 ==fe= nCuO-ZnO-P/Vis.
8 30
=== nCuO-ZnO-P/UV
20
10
. ——— —8
0 10 20 30 40 50 60 70 80 90
Time (min)

Fig. 4. Evaluation of the photocatalytic activity of the pre-
pared photocatalyst in the presence of UV-C and Vis.
lights (NCuO-ZnO-P/UV and nCuO-ZnO-P/Vis.), possibil-
ity of adsorption (nCuO-ZnO-P/darkness), and possibility
of photolysis (UV-C only).

was examined at different pH ranging from 5 to 9
(Table 2). The results show that in alkaline solutions,
photodegradation efficiency was more than that in
acidic solutions. It is because photodecomposition of
ZnO nanoparticles takes place in acidic and neutral
solutions. The photocorrosion of ZnO nanoparticles is
complete at pH lower than 6; and at higher pH, no
photocorrosion of ZnO nanoparticles takes place.
Since, AO7 has a sulfuric group in its structure, which
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Table 2
The effect of some operational parameters on photodegradation process
Operational parameters Degradation degree (X %)
Co (mgl™) 15 25 35 45 55
98.51 96.23 90.82 85.23 81.95
pH 5 6 7 8 9
53.89 60.28 90.82 77.77 65.84
D (mm) 0.50 0.75 1.00 1.25 1.50
96.38 94.23 90.82 88.58 86.34
T (K) 278.15 288.15 298.15 308.15 318.15
86.53 88.56 90.82 93.56 95.34
Note: The bold fonts indicate the value of operational parameters.
is negatively charged in alkaline conditions; therefore, dc LKC
in the alkaline solution, dye may not be adsorbed onto ~ yp = — R — TR (3)
dt 1+ KCr

the photocatalyst surface effectively [1].

3.5. Effect of the granule size of used perlite for
immobilization

First, different granule size of perlite (the specific
area for granule size 0.50, 0.75, 1.00, 1.25, and 1.50 mm
was 7.45, 7.16, 6.82, 6.51, and 5.85 m? gfl, respectively)
were used for synthesis—-immobilization of nCuO-ZnO,
then the effect of granule size of nCuO-ZnO-P on the
degradation efficiency was studied. The results show
that the degradation efficiency increases with a
decrease in granule size of nCuO-ZnO-P (Table 2).
This observation can be explained in terms of avail-
ability of active sites on the nCuO-ZnO-P surface. The
total active surface area increases with decrease in
granule size [1].

3.6. Effect of the temperature

To study the effect of temperature on degradation
efficiency of nCuO-ZnO-P, the experiments were car-
ried out with different temperatures varying from
278.15 to 318.15 K and other parameters were kept
under basic conditions. The changes in dye concentra-
tion with time during the degradation process at each
temperature show that the differences in the degrada-
tion efficiency of dye were small (Table 2). These small
differences should originate from the effect of energy
of reaction. For determination of activation energy (E,)
of reaction, at first, kinetics of the photocatalytic reac-
tions was studied at different temperatures. In litera-
ture, photodegradation processes exhibited pseudo-
first-order kinetics with respect to the concentration of
the organic compound, by using the equation of given
below [1].

where 1y is the rate of reaction (degradation of the sol-
ute R), Cy is the solute concentration, t is the time of
the reaction, and k, and K are the reaction and adsorp-
tion constants associated with the solute, respectively.
When the concentration is low, the term Kcg is often
negligible, and the apparent reaction rate will follow a
pseudo-first-order model. Integration of the equation
under this assumption with boundary conditions of
CR = CR() att=0 yields:

Cr
—In( =) = kypt
n<CRO> pp

where Cgg is the initial substrate concentration and
Kapp is the apparent first-orderreaction rate. The pho-
tocatalytic reactions in many cases show this behavior.
Fig. 5 shows the plots of —In(Cr/Cgo) vs. t. The results
show that reaction rate enhances as temperature
increases from 278.15 to 318.15 K (Table 3).

A better criteria is to introduce a parameter known
as normalized percent deviation, the lowest average
absolute percent deviation (%D) or in some literature
percent relative deviation modulus, P, given by the
following Egs. [1,2]:

)

100 |yex _yred|

Yexp

where Ve, is the experimental y at any x, Ypreq is the
corresponding predicted y according to the equation
under study with best fitted parameters and N is the
number of observations. It is clear that the lower the p
value, the better is the fit. The fit accepted to be good
when p is below 5 (Table 3).
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Fig. 5. The plots of —In(Cr/Cgo) Vs. t.

Table 3

The rate constant of reaction in different temperatures

T (K) 27815 288.15 298.15 308.15 318.15
R? 0.996 0.997 0.999 0.998 0.998
P 0. 46 0.73 0.44 0.55 0.22
Kapp (min™")  0.022 0.024 0.026 0.030 0.033

For calculation of activated energy, the Arrhenius
equation was used as [1]:

E, (1
—In k=—In A+R<T> 6)

where k = rate constant in min~', T = temperature in K.

The low activation energy (E,) value (2.82Kk]
mol ™), calculated by Fig. 5 results (from the slope of
line: —In k vs. 1/7T), suggests that degradation of AO7
is limited by diffusion step and apparent rate constant
reflects the rate at which AO7 molecules migrate from
bulk solution to the reaction zone [1].

4. Conclusion

In this study nanosized CuO-ZnO immobilized on
perlite was prepared via a simple and low-cost
method. The results showed that the average particle
size was about 40 nm. The photocatalytic degradation
of AO7 which was confirmed with TOC analysis
showed a good photocatalytic activity for the catalysts
in visible light. Photolysis and adsorption were found
to be negligible in overall degradation process. The
degradation degree (X%) of photodegradation process
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was 90.82% under basic conditions. In the basis of P,
pseudo-first- order kinetic model was confirmed for
the reactions in the various temperatures. The activa-
tion energy of the reaction was 2.82kJ mol ™', suggest-
ing a diffusion-controlled reaction.
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