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Introduction

In order to decrease the damage caused by dye pollution to environment and human, the use of photocatalysts to convert
organic compounds in contaminated water into non- toxic chemicals has been extensively investigated [1,2]. Photocatalysis
has been emerged as a valid alternative to solve this problem [3]. Various photocatalysts, especially metal oxide such as
TiO2, SnO, and ZnO has attracted extensive attention for the degradation of non-biodegradable pollutants under UV
irradiation [4-8]. ZnO is an interesting chemically and thermally stable n-type semiconductor with a large exciton binding
energy of 60 meV and large band gap energy of 3.37 eV at room temperature. Comparing to other wide band-gap
semiconductors, ZnO possesses higher quantum efficiency and higher exciton energy. Furthermore, it is one of the most
propitious materials due to its applications in several areas, such as ultraviolet laser, high power light emitting diode,
spintronic devices [9-11], solar cells [12,13], photodetectors [14], heterogeneous catalysis [15-17], piezo-electric transducers
[18], cosmetic [19], and antibacterial treatment [20,21].
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Numerous works have been reported in the literature regarding the utilization of ZnO for the effective treatment of harmful

and toxic remaining present in the waste water [22-26].

In this paper, we proposed a simple and low chemical synthesis to obtain stable ZnO nanorods as catalysts with high

photodegradation of various dyes molecules under solar light irradiation for environmental application.

Experimental Details

Synthesis of ZnO nanorods

The procedure for the synthesis of ZnO nanorods was as follows: in a typical synthesis, 2.195 g Zn(CH3COQ)-2H,0 — zinc
acetate dihydrate was completely dissolved in 100 ml deionized water forming the solution A. Under similar procedure 0.8 g
NaOH in 50 ml of deionized water, resulting the solution B. The molar ratio of NaOH:Zn acetate was 4:1. The reagents were

analytical grade, and were used without further purification.

The solution A was added dropwise into the solution B at the desired temperature (60°C to 65°C) with intensively
mechanical stirring during 1 h (300 rpm). The resulting precipitate was continuously aged for 3 h at the desired temperature
with vigorous stirring. After that, the white precipitate was cooled at room temperature and then filtered and washed several

times with deionized water, finally dried in an oven at 80°C for 8 hours.

Photocatalytic activity

The dye aqueous solutions of MO, RB and CV were prepared by dissolving analytical grade dye in water. To measure the
photodegradation, 0.576 g/l of the ZnO catalyst was immersed in a quartz beaker with 26 ml of the MO (0.021 g/l) solution,
and was kept for 30 min in the dark to achieve the equilibrium of adsorption and desorption. The solution was stirred at 300
rpm with a magnetic stirrer during all the experiment. Then the mixture was irradiated under natural sunlight. The irradiation
fluence of the sunlight was estimated to be 0.14 W/cm?. The period of the experiment was between 10:30 and 14:00 during
the sunny months of January and February 2016. At specific time intervals, 2 ml of an alicuot was withdrawn from the
system, and 2 ml of deionized water was added to the aliquot each time for every sample to make centrifuge easy. The dye
solutions were separated from the photocatalyst by centrifugation and preserved in the dark before analysis. The same
procedure was repeated using 26 ml of aqueous solution of RB (0.035 g/l) and 26 ml of CV (0.0105 g/I). The dye solution

without ZnO catalyst was used as reference.

Characterization

The morphology of as-synthesized ZnO nanorods was characterized by scanning electron microscopy (SEM) on a Zeiss
Supra40 Gemini, 3 KV Microscope. Transmission electron microscopy (TEM) observation was carried out on a Philips
CM200 microscope operating at an accelerating voltage of 160 kV equipped with an EDAX energy dispersive spectrometer
(EDS). For the TEM study, a very small amount of the powder sample was first dispersed in deionized water by ultra-
sonication. A drop of that solution was taken on a carbon grid for TEM imaging, which was purchased commercially. ImageJ

software was used to determine the diameter and length of the ZnO nanostructures.
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The crystalline structure of the powder was assessed by X-ray diffraction (XRD). The XRD patterns were recorded at room
temperature with Cu Ko radiation of 0.15418 nm in a diffractometer (PANalytical model Empyrean) having theta-theta
configuration and a graphite secondary-beam monochromator, using a generator voltage of 40 kV and current of 40 mA. The
data were collected for scattering angles (20) ranging from 20° to 70° with a step of 0.026° for 2 s per point. The surface area
was calculated using the Brunauer—Emmett-Teller (BET) method based on the adsorption data. The BET specific surface
area and pore distribution of the samples which were degassed at 150°C for 8 h were determined by N, adsorption/desorption
method, which were carried out on a Micromeritics Accelerated Surface Area and Porosimetry System ASAP 2020 v 3.01

instrument. The UV-Vis measurements were recorded using a Shimadzu 1800 UV-Vis spectrophotometer.

Results and Discussion

Morphological and structural characterization

The corresponding X-ray diffraction pattern of ZnO powder is shown in FIG. 1. The diffraction peaks at 26=31.7°, 34.3°,
36.2°, 47.5°, 56.5°, 62.7°, 66.2° and 67.8° are identified to be the (100), (002), (101), (102), (110), (103), (200) and (112). All
of the indexed peaks in the obtained spectrum are well matched with the planes of ZnO hexagonal wurtzite structure (01-079-
0207). The lattice constants calculated from the XRD data for (101) and (002) phases are a=b=3.259 A, ¢=5.218 A [27]. No

other peaks related to impurities are observed, which proves the high purity of the wurtzite phase.

FIG. 2 shows a typical SEM image of the samples. The images clearly reveal the hexagonal nanorods structure. The average

diameter and length of the nanorods are 50 nm and 200 nm respectively. The surface of ZnO nanorods was very smooth.

The TEM image obviously shows the tubular morphology of the nanorods. As seen in FIG. 3, some agglomerated
nanostructure is observed and the measurement of the isolated nanorod is 30 nm wide and 150 nm length. The chemical

composition of the sample was characterized by EDX spectroscopy.
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FIG. 1. XRD pattern of the ZnO nanorods.

The sharp diffraction peaks indicate the good crystallinity of the prepared samples.
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FIG. 2. SEM image of ZnO nanorods.
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FIG. 3. a) TEM images of ZnO nanorods with b) their corresponding EDX analysis.

BET analysis
The surface area and pore volume of the photocatalyst are investigated using nitrogen gas adsorption—desorption method. To

characterize the specific surface area and porosity, nitrogen sorption measurements of the samples were carried out at 77 K.
Nitrogen adsorption—desorption isothermal and the corresponding Barrett—Joyner—Halenda (BJH) pore size distribution
desorption are presented in FIG. 4. The pore volume distribution curve of ZnO is given as an inset image in FIG. 4. The

profile can be categorized to type 111 isotherm [28,29].
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FIG. 4. N2 adsorption—desorption isotherms and pore size distribution curves of ZnO.

TABLE 1 shows the results of the measured BET specific surface area and BJH pore size distribution desorption of the ZnO

nanorods.

TABLE. 1. Surface properties of the sample.

Property Zn0O

BET surface area (m?/g) 27.53

Total pore volume (single point) (cm%g) | 0.117

As can be seen in TABLE 1, ZnO has a largest specific surface area of 27.53 m?/g.

Optical characterization
The room temperature UV-Vis absorbance spectrum of the ZnO nanorods is given in FIG. 5. The sample was dispersed

ultrasonically in water with SDS 10 wt% (sodium dodecyl sulfate). The shown spectrum is corrected for the solvent

contribution.
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FIG. 5. Absorbance spectrum of ZnO powder. In the inset: (¢hv)? vs hv and extrapolating for optical energy gap Eq for
ZnO powder.

From the FIG. 5 it can be seen that there was intensive absorption in the ultraviolet band of about 350 nm to 400 nm. The
optical band gap (Eg) of the as-prepared ZnO samples was calculated using the Tauc’s relationship [30] as follows:

ahv = A (hv - Eg)" 1)

where « is the absorption coefficient, h is Planck's constant (6.626 x 1034 Js), v is the frequency calculated by the formula
v=c/\L where c is the velocity of light (3 x 10% m/s) and A is the wavelength obtained from the spectra, n is ¥ for direct

semiconductor.

The extrapolation of the straight line in the FIG. 5 to («hv)?=0 gives the value of band gap energy E=3.26 eV. This value is
smaller than that bulk ZnO (3.37 eV). According to the literature this difference can be attributed to a structural change in
ZnO crystal such as surface and intrinsic defects [31]. The optical band gap (Eg) is found to be size dependent and there is an
increase in the band gap of the semiconductor with a decrease in particle size.

Photocatalytic degradation

Under visible light illumination with sufficient energy (hv) to be equal to or greater than the ZnO band gap energy (hv > Eg),
the electrons (e”) migrate from the valence band (VB) to the conduction band (e cg). Meanwhile, holes (h*vg) will be left at
the valence band. A characteristic feature of semiconducting metal oxides is the highly reactive electrons and holes at the
surface of the photocatalyst. They can react with water to produce reduction and oxidation reactions to generate the highly
reactive hydroxyl radical (*OH) and superoxide anion radicals (O27*), respectively. The photocatalytic mechanism for
degradation of organic pollutants can be explained through the following reactions [32,33]:

ZnO+hv — ZnO (h*VB* e cg) 2)
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h*VB+dye — dye** — oxidation of the dye 3)
H.O+h*vs — *OH+H* (4)

Oxtecg > O2°° (5)

Oy *+H* — HO, (6)

H*+HO; — H,0, (7

H20,+hv — 2 «OH (8)

*OH+dye — degradation of the dye 9)

The concentration (C) of the centrifuged solution and the initial concentration (Co) of MO, RB and CV solution were
monitored immediately by measuring the change in absorption intensity at their Amax=550 nm (RB), 590 nm (CV), and 463
nm (MO) as a function of irradiation time, the results were shown in FIG. 6.

FIG. 6a—6¢ exhibits the change in absorption spectra for the photocatalytic degradation of MO, RB and CV with exposure
time. It can be seen that the maximum absorbance of aqueous suspension of dyes gradually decreases with increase in
irradiation time in the presence of ZnO nanorods.
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FIG. 6. Photocatalytic activity of ZnO nanorods with a) MO b) RB c) VC.
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FIG. 7a and 7b shows the plots of degradation percentage and C/Cy vs irradiation time for the all three dyes in the presence of

ZnO nanorods.

It could be seen from the FIG. 7b that 96% of VVC degraded after 90 min of irradiation time, 98% of RB and 95.9% of MO
dye degraded after 120 min of irradiation time. The blank (absence of photocatalyst) experiment was also carried out and less

than 1% of the dye removal was observed for 120 min irradiation.
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FIG. 7. a) Degradation percentage in different time intervals of MO, CV and RB b) C/Co in presence of ZnO

nanostructures.

The degradation rate constant for each experiment was calculated from the initial slope obtained by linear regression from a

plot of the natural logarithm (In) of absorbance of the AO, MB and AB as a function of exposure time.

The dye concentrations were used to determine the pseudo-first order reaction rate constant (k, min'*) and degradation

efficiency (%) by using the following equations [34,35]:

INA/A=InC/Co=kt (10)

Degradation efficiency (%)=((C-Co)/Co) x 100=((A-Ao)/Ag) x 100 (1)

Where C is the concentration of the dye after t min. of reaction and Cy is the initial concentration. The parameters Ag and A

are the absorbance of the dye solution in the wavelength (nm) at initial and any time.

FIG. 8 shows the kinetic behaviour of photocatalytic degradation of the dyes by ZnO nanorods. The efficiency of
photodegradation was determined quantitatively using the equation (10) where k is the apparent rate constant (min), Co and

C are the concentrations of the dye at time 0 and t, respectively.

The plot of In (Co/C) vs. irradiation time exhibits a straight line and the slope can be considered to be a pseudo first order rate

constant k.
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The rate constants for RB, CV and MO in the presence of ZnO nanostructure were found to be 0.0260 min-t, 0.0338 min

and 0.024 min respectively.
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FIG. 8. Fitting of experimental data show a pseudo first order kinetic curve.

Conclusions

We have successfully synthesized ZnO nanorods through a facile chemical route at a relatively low temperature. The analysis
of the X-ray diffraction data indicated that the samples had hexagonal wurtzite structure and nanometric size crystallites. The
optical band gap of the ZnO samples calculated using Tauc model is 3.19 eV and is smaller than the bulk value. The specific
surface area was 27.53 m?/g.

The photocatalytic performance of ZnO nanorods was evaluated by degradation of rhodamine, violet crystal and methyl
orange which efficiently degraded the dyes. The kinetic study revealed that ZnO nanorods are a promising photocatalyst for
degradation of organic pollutants.
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