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This paper is devoted to the decontamination of wastewater using ZnO nanostructures. The photocatalytic degradation of
aqueous solution of a commercial dye, toluidine blue (TBO), has been investigated with two different kinds of ZnO
nanostructures comprising butterfly-type ZnO nanorods and randomly-oriented ZnO nanorods. In order to be able to
compare the photocatalytic efficiency, ZnO photocatalysts with two different crystalline structures are prepared by using
different precursors but operating same microwave-assisted method. Butterfly-type ZnO nanorods are synthesized by using
surfactants. Randomly-oriented ZnO nanorods with environmentally-friendly method are obtained without using any base
and surfactant. The two different kinds of ZnO photocatalysts are characterized by X-Ray diffraction (XRD), scanning
electron microscopy (SEM), UV-Vis absorption spectrum. The effects of pH, ZnO catalyst dosage and TBO initial dye
concentration are tested experimentally for photocatalytic degradation. . After 90 minutes reaction time, the decolorization
efficiency of the TBO achieved 85.20% for butterfly-type ZnO nanorods and 77.20% for randomly-oriented ZnO nanorods.
Additionally, under the same optimum conditions of pH=11, [ZnO]= 1g-ZnO L™, [TBO]= 108 mg TBO L™, Total Organic
Carbon (TOC) removal efficiencies are obtained 56.70% and 40.80% for butterfly-type ZnO nanorods and randomly-
oriented ZnO nanorods, respectively.
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1. Introduction However, the greatest advantage of ZnO is that it absorbs
large fraction of the solar spectrum and more light quanta
than TiO, [18]. For this reason, ZnO photocatalyst is the
most suitable for photocatalytic degradation in the
presence of sun light. Photocatalytic process of ZnO is

shown below.

Industries such as plastic, textile, paper, rubber
requires use of dyes widely. However, dyes give rise to the
contamination due to the emitting of the toxic,
cancerogenic and colored wastewater into water bodies [1-
4]. Adsorption and chemical coagulation are the two

common techniques of treatment of such wastewater [5]. ZnO +hv — ZnO [e” +h'] (1)
But, the traditional techniques for the treatment of dye
waste effluents are usually non-destructive, inefficient and h" +H,0 — H" +HO’ 2)
costly or just transfer pollutants from water to another
phase [6-11]. Advanced oxidation processes (AOPs) are h"+OH — HO' 3)
alternative techniques of destruction of dyes and many
other organics in wastewater and effluents. These e— +0,—0," @)
processes generally involve UV/H,0,, UV/O; or
UV/Fenton’s reagent for the oxidative degradation of 0,— +H,0 + H'— H,0, +OH" (5)
contaminants. Semiconductor photocatalysis is another
developed advanced oxidation process, which can be H,0, +¢e——HO" + HO" (6)
conveniently applied to remove of different organic
pollutants [5]. Moreover, this process utilizes cheaply The shape, crystalline structure and size of

available semiconductors and leads to complete semiconductors are important factors in determining their

mineralization of organic compounds to CO,, water and
mineral acids. Until now, many kinds of semiconductors
have been studied as photocatalysts including TiO,, ZnO,
CdS, WO;. Among them, nano-sized ZnO and TiO, as
photocatalyst has been widely used for its high efficiency,
non-toxic nature and low cost [12-17]. ZnO is a kind of
semiconductor that has the similar band gap as TiO.,.

physical and chemical properties. Rapid progress has been
attained during recent years concerning preparation of
ZnO nanostructures including nanowire [19], nanorods
[20], nanoribbons [21], nanotubes [22], multipods [23],
hollow spheres [24], sword-like nanowires [25] and flower
shaped nanostructures [26] by various hydrothermal
procedures [27], low-temperature chemical aqueous
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solution [28], chemical vapor deposition (CVD) [29] and
metal-organic CVD [30] methods. However, most of these
methodologies are limited due to use of high temperature,
high pressure, toxic reagents and long reaction time.
Hence there is sufficient scope for the development of
facile, rapid, convenient and additive free synthesis of
nanocrystalline zinc oxide which can provide both
qualitative and quantitave support for its commercial
applications. Recently, microwave technique is
extensively used for the synthesis of materials [31]. It has
the advantages of homogeneous volumetric heating, high
reaction rate and selectivity and energy savings as
compared with conventional heating methods, making it
promising for the synthesis of nanosized materials [32].

In this paper, two kinds of ZnO powder, butterfly-type
ZnO nanorods and randomly-oriented ZnO nanorods using
microwave-assisted preparation method are prepared by
changing precursors. To our knowledge of literature, the
use of butterfly-type ZnO nanorods for decontamination of
water is a new concept and there is no paper or any report
on photodegradation comprising the use of butterfly-type
ZnO nanorods. Thus, this type of ZnO nanorods is
synthesized and characterized newly and tested in
photocatalytic experiments in this paper. This study deals
with the comparative investigation of the photocatalytic
degradation of TBO using two different morphologies of
ZnO nanorods. The influence of size, morphology and also
experimental parameters like initial dye concentration,
catalyst loading, pH on the photocatalytic properties of
ZnO powders are investigated. Both the removal of color
and the removal of total organic carbon (TOC) are fully
analysed. To understand the effect of two different kinds
of ZnO nanorod photocatalysts, decolorization analysis
and TOC removals are discussed.

2.Materials and Methods

2.1.Materials
Zinc  acetate  dihydrate = Zn[CH3COO],.2H,0,
hegzamethylenetetramine [HTM]; [CH;]6N4],

polyethyleneglycol 400 [PEG400], NaOH and HCI are
purchased from Sigma-Aldrich. All chemicals used in this
study are analytical grade and used directly without any
further purifications. Deionized water is used for all
experiments.

2.2. Preparation of Randomly-oriented ZnO
nanorod Photocatalyst

In a typical experiment, zinc acetate is dissolved in 25
ml deionized water in a beaker. The solution is stirred with
magnetic bar at 100 °C for 1 hour until a transparent
mixture is obtained. The above solution is loaded into a
100 ml Teflon container. Then solution is irradiated by
microwave energy using the microwave oven at 200 °C for
60 minutes [CEM MARS-5, frequency 2.45 GHz,
maximum power 700 W, multimode oven]. Subsequently,
the solution is loaded into a beaker and heated at 200 °C

until water evaporated. After wet precipitate is dried in an
oven at 90 °C for 12 h. Finally, in order to obtain ZnO
nanorods, white powder is calcined in a furnace at 200 °C
for 36 hours.

2.3. Preparation of Butter-fly type ZnO nanorod
photocatalyst

In this process, =zinc acetate dihydrate
[Zn[CH;CO0],.2H,0] and HMT are used as Zn and OH"
sources. 1.1 g Zinc acetate dihydrate is dissolved in 25 ml
deionized water in a beaker and then 0.7 g HMT and
PEG400 is slowly added into the solution and stirred 30
minutes. Subsequently, solution is poured into a 100 ml of
teflon container. The reaction mixture is heated in a
microwave oven at a power of 300 W for 30 min. Then
cooled at room temperature naturally. The material is
filtered and washed with deionized water in order to
remove impurities, dried at 70 for 12 h. Finally ZnO is
annealed at 450 °C in order to obtain butter-fly type ZnO
nanorod photocatalyst.

2.4. Randomly-oriented ZnO nanorod and
butterfly-type ZnO nanorod photocatalysts
characterization

The obtained samples are characterized on a Rikagu
X-Ray diffractometer (XRD) with Cu Ka radiation [1.540
A]. The operation voltage and current are kept at 40 kV
and 40 mA respectively. Scanning electron microscopy
(SEM) images are obtianed using a Philips XL 30S FEG.
The photoluminescence spectra are recorded using a
PTI-QM1spectophotometer. UV-VIS absorption spectra
are performed on an analytic JENA S 600 UV-Vis
spectrophotometer.

2.5. Photocatalytic experiment

By measuring photodegradation efficiency of
toluidine blue with a definite concentration in an aqueous
solution under illumination of UV, photocatalytic activity
of two types of ZnO powders are evaluated. A solution
containing known concentration of dye (TBO) and ZnO
powder is prepared and it is equilibrated for 30 minutes in
the dark. Then, 200 ml of prepared solution is transferred
to 500 ml pyrex reactor. A 750 W UV Xe lamp is used a
light source. Prior to each test, the lamp is turned on and
warm up for about 10 minutes in order to get constant
output. The distance between the solution and UV source
is 10 cm and the temperature of the reaction is controlled
at 22 °C by circulating water in all experiments.
Subsequently, the mixture is poured into the photoreactor
and began photocatalytic degradation tests. For
investigating the effect of pH wvalues on the
photodegradation efficiency, the suspension pH values are
adjusted at desired level using dilute NaOH and HCI. The
photocatalytic activities of two different types ZnO
powders are compared each other under the same
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condition. Fig. 1 shows the schematic illustration of ZnO
photodegradation mechanism and Molecular Structure of
Toluidine Blue (TBO). During irradiation, the reaction
solution is mixed by an air difusser, which is placed at the
the reactor to uniformly disperse air into solution.
Samples are collected at specific intervals and are
immediately centrifuged to remove particles for analysis.
The maximum absorbance intensity at wavelength of 632
nm is  experimentally  determined using a
spectrophotometer and it is used to monitor the
decolorization of toluidine blue. Total organic carbon
(TOC) samples are fully analysed using a TOC analyzer.
The degradation of the dyes in wastewater is defined as
follows,

n :ﬁxloo%

0

where the # is the decolorization efficiency or TOC
removal efficiency of dyes in wastewater, C, is the initial
dye concentration or TOC concentration, the C, is the dye
concentration or TOC concentration at certain reaction
time (t, minute).
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Fig. 1. Schematic illustration of ZnO photodegradation
mechanism (a), Molecular Structure of Toluidine Blue
(TBO) (b).

3.Results and discussion

3.1.Characterization of Photocatalysts

Fig. 2 illustrates the X-Ray diffraction pattern of the
two different types ZnO nanorods. The XRD pattern

shows that all the diffraction peaks can be well indexed to
those of the pure hexagonal wurtzite ZnO [S.G.:
P63mc,with a polar ¢ axis], and the lattice constants of the
product is a=0.324 nm and c= 0.520 nm. The diffraction
peaks are in good agreement with the JCPDS card of
wurtzite ZnO [JCPDS], No. 65-3411]. The clear and sharp
diffraction peaks also indicate that the as-synthesized
white ZnO products are highly crystallized. Impurities
were not observed in the XRD pattern, confirming the high
purity of the synthesized products.
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Fig. 2. XRD pattern of ZnO nanorods.

3.2.The Evaluation of photocatalytic degradation
efficiencies of TBO using two kinds of ZnO
nanorod photocatalysts

Scanning electron microscopy (SEM) is a powerful
means to observe the morphology and crystalline
structures of the nanorod products. We succeeded to
observe the morphology of the products using SEM. Fig.
3 shows the SEM pictures of the products. It can be seen
that the as-synthesized product consists of ZnO nanorods
with relatively high density and random distribution in
Fig. 3(a). The lenghts of ZnO nanorods range from 600 nm
to 950 nm and diameters range from 20-30 nm. The Fig.
3(b) shows the morphology and crystalline structures of
butterfly-type ZnO nanorod bundles with length of 5 um
approximately. The main parameter is crystal quality that
pure crystalline structures give best efficiency in
photocatalytic experiments. Both XRD and SEM results
show that crystal qualities of ZnO nanostructures are so
high to carry out the photocatalytic experiment in best
efficiencies.
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Fig.3. SEM images of two different types ZnO
nanocrystalline structures; Randomly-oriented — ZnO
nanorods (a), butterfly-type ZnO nanorod bundles (b).

3.3. Effect of pH

The effect of pH on the photocatalytic activity of
randomly-oriented ZnO nanorods and butterfly-type ZnO
nanorod bundle photocatalysts are tested and the results
are shown in Fig. 4. It can be seen that pH plays a crucial
role in photocatalytic degradation that the photocatalytic
activity of butterfly-type ZnO nanorod bundles shows an
increase with the increasing pH from 3 to 11. The
optimum pH is found to be as 11. Also, ZnO catalyst
dosage and initial dye concentration of TBO are
determined as [ZnO]=1.0 gL' and [TBOJ]=4x10" (108
mgL™), respectively. . Decolorization efficiency of TBO
is increased from 34% to 84% for butterfly-type ZnO
nanorod bundles by increasing pH. And, decolorization
efficiency of TBO is increased from 41% to 68% for
randomly-oriented ZnO nanorods by increasing pH. Also
results show that butterfly-type ZnO nanorods are more
effective than randomly-oriented ZnO nanorods in
photocatalytic experiments. The pH effect on the
photocatalytic activity of the butterfly-type ZnO nanorod
bundle and  randomly-oriented @ ZnO  nanorod

photocatalysts can be explained on the basis of the point
of zero charge of ZnO. At a low pH, the surface of ZnO
photocatalyst is positively charged, but at a high pH it
becomes negatively charged. Since TBO is cationic dye,
high pH favors the adsorption of TBO molecule on the
catalyst surfaces which results in a high decolorization
efficiency of TBO under neutral and basic conditions.

—=— butterfly-type ZnO nanorod bundles
—e— randomly-oriented ZnO nanorods

80

60

Decolorization Efficiency(%o)

Fig. 4. Effect of pH on the photocatalytic activity of the
butterfly-type ZnO nanorods and randomly-oriented ZnO
nanorods  photocatalyst.  Experimental  condition:
[dye] =4x10* M (108mgL”),  [ZnO] =1.0gL",
temperature= 22 OC and reaction time= 90 min.

3.4. Effect of the catalyst dosage

Catalyst dosage is another important parameter in
photocatalytic experiments. To test the effects of catalyst
dosages on the photocatalytic degradation of Toluidine
Blue (TBO), we carried out lots of experiments and the
results are shown in Fig. 5 and Fig. 6 for randomly-
oriented ZnO nanorods and butterfly-type ZnO nanorod
bundles. It can be seen that the decolorization efficiency of
TBO increases from 40.80% to 85.20% by increasing the
dosage of ZnO photocatalyst from 0.5 to 1.0 gL for
butterfly-type ZnO nanorods and from 72.87% to 77.15%
for randomly-oriented ZnO nanorods. This is because of
increasing catalyst dosage, the photogenerated electron
hole pairs and HO' are correspondingly increased, which
lead to more dye molecules degradation. When the catalyst
dosages increase from 1.0 gL "' to 1.5 gL', we observed
that the decolorization efficiencies decrease from 77.15%
to 63.20% and from 85.20% to18.40% for additive-free
ZnO and butterfly-type ZnO nanorod bundles,
respectively. These results show that degradation
efficiency of TBO does not increase by increasing catalyst
dosages. Also this effect can be explained by the fact that
when the catalyst dosage of ZnO is too much, it effects the
solution’s transparency and causes a scattering effect.
Thus it reduces the light utilization rate and lower the
photocatalytic activity of ZnO nanorod photocatalysts.
Therefore, the results show that an optimum dosage of
ZnO photocatalysts for the degradation of TBO is 1.0 gL™".
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Fig.5. Effect of catalyst dosage on the photocatalytic

degradation of TBO by the butterfly-type ZnO

photocatalyst. Experimental conditions: [dye] = pH 11,
temperature= 22 (el
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Fig.6. Effect of catalyst dosage on the photocatalytic

degradation of TBO by the randomly-oriented ZnO

photocatalyst. Experimental conditions: [dye]=4x10" M
(108 mg L"), pH 11, temperature= 22 °C.

3.5.Effect of initial concentration of TBO

The effect of initial concentration of TBO on the
photocatalytic degradation effiency is tested by varying
the initial concentration of TBO from 3.10-5.10"*M (81-
135 mgL™), the results are shown in Fig. 7 and Fig. 8.

The results show that the decolorization efficiency of
TBO is strongly depended on the initial dye concentration.
The decolorization efficiency of TBO increased from
90.50% to 94.25% and 76.74% to 80.52% for butterfly-
type ZnO nanorod bundles and randomly-oriented ZnO
nanorods, respectively by increasing of the initial dye
concentration from 3.10*M to 4.10°M (from 81 to 108
mgL™).
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Fig. 7. Effect of initial dye concentration on the

photocatalytic degradation of TBO by the butterfly-type

ZnO photocatalyst. Experimental conditions: pH 11,
[Zn0]=1.0 gL' temperature= 22 °C
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Fig. 8. Effect of initial dye concentration on the

photocatalytic degradation of TBO by the randomly-

oriented ZnO photocatalyst. Experimental conditions:

Experimental conditions: pH 11, [ZnO] = 1.0 gL™,
temperature= 22 ’c

However, the decolorization efficiency of TBO
decreases from 94.25% to 80.35% and 80.52% to 71.70%
for butterfly-type ZnO nanorod bundles and randomly-
oriented ZnO nanorods, respectively by increasing of
initial dye concentration from 4.10™ to 5.10*M (from 108
to 135 mgL™"), respectively. We can explain this effect that
high concentrated dye solution decrease the light
utilization rate by ZnO photocatalysts. As a result of this
effect, photodegradation of TBO decreases by increasing
initial dye concentrations. The optimum TBO
concentration is found to be as 4.10*M (108 mgL™).
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3.6. Comparison of photocatalytic activity of the
randomly-oriented ZnO nanorods and
butterfly-type ZnO nanorod bundles

Fig. 9 shows the comparison of the decolorization and
TOC removal efficiencies of TBO in aqueous solution of
randomly-oriented ZnO nanorods and butterfly-type ZnO
nanorod bundles for 1.0 gL' ZnO photocatalyst dosages. It
can be seen that the TOC removal efficiency of TBO is
40.80% for 1.0 gL" randomly-oriented ZnO nanorod
photocatalyst. And the TOC removal efficiency of TBO is
56.70% for 1 gL butterfly-type ZnO nanorod bundles
after 90 minutes reaction time. The decolorization
efficiency of TBO is 77.20% for 1.0 gL' randomly-
oriented ZnO nanorod photocatalyst. And the
decolorization efficiency of TBO is 85.20% for 1.0 gL
butterfly-type ZnO nanorod bundles after 90 minutes
reaction time.
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Fig. 9. Removal TOC efficiency (%) and Decolorization
efficiency (%) using two kinds of ZnO photocatalysts in
photocatalytic experiment..

The results above indicate that the butterfly-type ZnO
nanorod bundle photocatalyst shows a good photocatalytic
activity under optimum conditions (pH=11, [ZnO]= 1g-
ZnO L', [TBOJ= 108 mg TBO L"), which might be
attributed to its unique microstructure to absorb a large
fraction of UV light. Because, the length of butterfly-type
ZnO nanorod is 5 pm approximately. The surface area of
butterfly-type ZnO nanorod is bigger than randomly-
oriented ZnO nanorods. The surface area, pH, TBO and
ZnO concentration are important parameters for the
photocatalytic degradation of TBO. On contrary, the
agglomeration of randomly-oriented ZnO nanoparticles
decreases the UV light utilization rate, which reduces its
photocatalytic activity and results in a low decolorization
efficiency of TBO.

3.7.Kinetic analysis
In the present study, it is found that the photocatalytic

degradation of TBO by the butterfly-type ZnO nanorod
bundles photocatalyst is obeyed the pseudo-first-order

kinetics.The pseudo-first-order kinetics for TBO’s
degradation is calculated as follows (Eq.(2) and Eq.(3)):

dC

——=kC 2
" (2)
C

In| =% |=kt 3

(C) ®

where k is the pseudo-first-order rate constant (min™), C,
is the initial concentration of TBO (mg L), C is the
concentration of TBO at reaction time (t, minute). The
linear plots of In(Cy/C) versus irradiation time (t, minute)
are shown in Fig. 10 and Fig. 11. In principle, the
photocatalytic ~degradation of TBO by the ZnO
photocatalyst is an interface process, which might follow
the Langmuir-Hinshelwood model (Eq. (4) and Eq.(5)):

dC  K.K,C

n=-—-=—t2-=k, o)
d 1+K,C,

11,6 .

kap K1K2 Kl

where C, is the initial concentration of TBO (mgL'l), K, is
the surface reaction rate constant (mgL'min™), K, is the
Langmuir-Hinshelwood adsorption equilibrium constant
(Lmg™) and Kap (min™) is the the pseudo-first-order rate
constant. A plot of 1/ k,, and dye concentration was
observed (R=0.9986 and 0.9449), which indicated that the
photocatalytic degradation of TBO by the butterfly-type
ZnO nanorod bundles photocatalyst followed the
Langmuir-Hinshelwood model (Fig. 12 and Fig. 13).

4.4
404 = [TBOJ=81mgL™ R=0.99921 k=0.04619

® [TBOJ=108mgL™ R=0.99972 k=0.04082
A [TBOJ=135mgL™ R=0.99864 k=0.0360

3,6
3,2
2,8
2,44

2,04

LnCy/C

1,64

1,24

0 15 30 45 60 75 90
Time(min)

Fig. 10. The plots of InCy/C versus reaction time (t,min)

with  different initial concentrationsof TBO for

butterfly-type ZnO nanorods. Experimental conditions:

[dve] = 4x10° M (108 mg L), pH11.0, [ZnO] =1.0g L',
temperature = 22 °C.
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2,04
= [TBOJ=81mgL™ R=0.98894 k=0.02147

e [TBOJ=108mgL™ R=0.99406 k=0.01576
A [TBOJ=135mgL" R=0.97239 k=0.01421
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Fig. 11. The plots of InCy/C versus reaction time (t,min)

with different initial concentrationsof TBO for randomly-

oriented ZnO nanorods. Experimental conditions:

[dve] =4x107* M (108 mg L), pH 11.0, [ZnO] =1.0g L,
temperature = 22 °C.
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Fig. 12. The relationship between the 1/k,, and the initial

concentration of TBO for butterfly-type ZnO nanorods.

Experimental conditions: [dye] =4x1 0* M (108 mg L,

pH 11, [Zn0O] =1.0 g L', temperature =22 °C and
reaction time = 90 min.
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Fig. 13. The relationship between the 1/k,, and the initial

concentration of TBO for randomly-oriented ZnO

nanorods. Experimental conditions: [dye] =4x107M (108

mgL?), pH 11, [ZnO] =1.0g L™, temperature = 22°C and
reaction time = 90 min.

4. Conclusion

In this study, randomly-oriented ZnO nanorods and
butterfly-type ZnO nanorods are successfully synthesized
by microwave-heating method. Butterfly-type ZnO
nanorods are firstly tested experimentally for
photocatalytic degradation in literature. It is found that pH
is an important factor for photocatalytic degradation of
TBO using butterfly-type ZnO nanorods. The
decolorization efficiency and TOC removal efficiency of
butterfly-type ZnO nanorods after 90 minutes reaction
time are successfully achieved 85.20% and 56.70%,
respectively.
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