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In this research, zinc oxide (ZnO) nanorods were synthesized by the chemical bath 
deposition (CBD) method on steel mesh 400 for the photocatalytic decomposition of 
two organic pollutants: methylene blue (MB) dye and tetracycline (TC) antibiotic. 
Different parameters were studied, including the concentration of the nucleation 
solution, the number of deposition cycles, and the growth duration to reach the optimal 
state of ZnO nanorods growth. The optimal sample with a growth time of 3 h at a 
temperature of 95 °C and a concentration of 5 mM zinc acetate as a nucleation solution 
was used for photocatalytic degradation tests. The diffuse reflectance spectroscopy 
(DRS) analysis showed an energy gap of 3.2  eV for ZnO nanorods. The 
photodegradation rate constants were 0.0121 and 0.0043 min-1 for MB and TC removal, 
respectively. Also, the mechanism for the photocatalytic degradation was studied to 
propose the charge generation and transfer pathway.  

 

1 Introduction 

 Currently, the increase in population in the world 
causes a further demand for the consumption of various 
drugs, including antibiotics. Different antibiotics are 
among the drugs that are used to prevent and treat 
bacterial infections [1]. The consumption dose of 
antibiotics and the introduction of many of these 
substances in municipal and hospital wastewater can 
lead to antibiotic residues in the water stream. It can 
induce severe problems such as mutation and cancer 
due to high stability and very low biodegradability, as 
well as antimicrobial resistance [2]. On the other hand, 
with the industrialization of societies and the increase in 
the number of industrial factories in the world, the 
amount of waste produced in this sector also increases. 
The effluents of these sections include materials such as 
heavy metals and dyes [3]. In the dyeing industry, more 
than half of the dyes enter the industrial wastewater 

directly without any change or hydrolysis, harming 
human health and aquatic ecosystems [4]. The 
weakness of common wastewater treatment in 
removing these organic materials as emerging 
pollutants (EPs) has encouraged the scientific 
community to apply newer and more effective methods 
[5, 6]. 

 Considering the above-mentioned issues, one of the 
best and least expensive new water purification methods 
is the photocatalytic processes, which can decompose 
pollutants into less dangerous substances by producing 
active radicals [7]. Since 1972, many semiconductors 
have been utilized for photocatalytic degradation of 
organic pollutants, where ZnO and TiO2 are among the 
widely used compounds in this field [8]. Zinc oxide 
nanomaterials have recently received more attention 
due to their light sensitivity, biocompatibility, chemical 
stability, suitable band gap, and high surface area. 
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[9,10]. One-dimensional (1D) ZnO nanorods have 
prominent growth along the c-axis direction, in which 
the surface energy is lower, and the surface area is 
higher; hence, this morphology is more favorable for the 
synthesis of ZnO than other structures for the 
photocatalytic applications [11,12]. Currently, recovery 
of the photocatalyst materials from the treated water via 
an easy and accessible method is desired. Therefore, 
using a chemically stable and non-toxic substrate for 
photocatalyst immobilization makes the recovery of the 
photocatalyst easy and inexpensive [13]. 

 In this research, the steel mesh substrate, which has 
properties such as thermal stability, chemical stability, 
and flexibility, was used to grow zinc oxide nanorods 
by chemical method. Different synthesis parameters 
were changed to reach the optimum nanorod growth, 
and the sample was applied for photocatalytic 
degradation of two pollutants, namely methylene blue 
and tetracycline. Different charge carrier scavengers 
were utilized to elucidate the photodegradation 
pathway. 

2 Materials and methods 

2.1 Chemicals 

 Nitric acid (99% HNO3), isopropyl alcohol (IPA 99%), 
zinc acetate, ethanol (99%), zinc nitrate, 
hexamethylenetetramine (HMTA), and polyethylene 
amine 750,000 (PEI) were purchased from Sigma-
Aldrich. Tetracycline/HCl antibiotic and absolute 
ethanol were purchased from Hakim Pharmaceutical 
Company and Bidestan Company, respectively.  

2.2 Synthesis of zinc oxide nanorods 

 First, a seed solution of 25 ml of zinc acetate solution 
in absolute ethanol with concentrations of 5, 0.5, and 
0.05 M was prepared and then stirred for one hour at 60 
°C by a magnetic stirrer and kept at room temperature 
for 24 h. Clean steel mesh was cut in sizes of 2.5 cm * 
2 cm and put in seed solution by deep coating method 
with control of the immersion durations and times, 
namely 5 times for 2 min, 10 times for 2 min, and 10 
times for 10 sec. Then, the steel mesh was baked for 15 
minutes at 150 °C. 

 

 

Table 1. Variables used in the synthesis of zinc oxide nanorods 

 

2.3 Photocatalytic properties  

 To study the photocatalytic degradation of methylene 
blue dye (10-5 M) and tetracycline antibiotic (20 ppm), 
one steel mesh containing zinc oxide nanorods was 
placed in their 30 ml solution. Then, the solution was 
illuminated with a UV lamp with a power of 30 W and 
at a distance of 30 cm. The absorbance variations of 
methylene blue and tetracycline were checked at 
specific time intervals by UV-Vis spectroscopy. The 
maximum absorption peak for methylene blue and 
tetracycline was checked at 666 and 359 nm, 
respectively. To compare the rate of photocatalytic 
decomposition (k) of two samples, Eq. (1) was used 
[14]: 

Ln
𝐶

𝐶
= 𝑘𝑡,                                                                (1) 

where k is the rate of photocatalytic decomposition, t is 
the time, C0 is the initial solution concentration, and C 
is the concentration of the solution at different times. 

2.4 Characterizations  

 Scanning electron microscopy (SEM) images were 
taken using the Vega3 LMU model produced by 
Tescan, Czech Republic. Diffusion reflectance 
spectroscopy (DRS) analysis was performed by 
Shimadzu UV-2600i ultraviolet spectrometer. UV-Vis 
spectra for photocatalytic degradation were performed 
by a Unico2150 device. 

3 Results and discussion 

 The SEM images of the samples with different 
parameters are demonstrated in Tables 2, 3, and 4. As it 
is clear from the figures, changing the synthesizing 
parameters can lead to different morphologies. In Table 
2, nucleation solution concentrations were changed, and 
the immersion cycles and growth time were constant. 

Nucleation 
solution 
concentration 

Immersion cycles 
Growth time 
of nanorods 

5 mM & 0.5 mM 
&  

0.05 mM 

10 times and 2 minutes 
each time & 

5 times and 2 minutes 
each time & 10 times, 

and each time for 10 sec 

3 & 6 h 
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Increasing the seed solution concentrations from 0.05 to 
5 mM changed the density of the grown nanorods. The 
growth sites were not created at lower concentrations of 
the seed solution, so the nanorods did not grow. But at 
the concentration of 5 mM, the nanorods are arranged 
well and have a hexagonal structure. Therefore, the 5 
mM concentration was selected for further experiments.  

 Table 3, compare immersion cycles' effect, including 
immersion times and durations. A comparison between 
different samples shows that the immersion of 10 times, 
each time for 2 minutes, can fabricate more density and 
population of ZnO nanorods. In this case, the growth 
centers are placed together entirely regularly, and a 
regular structure of nanorods was grown together. But, 
when the number of cycles decreases from 10 to 5 times, 
the number of growth centers is reduced and does not 
create a favorable structure. Also, 10 times, and each 
time for 10 sec for the immersion cycle, cannot lead to 
the formation of the nanorods. Therefore, the 10 times 
and 2 minutes immersion cycles was selected as an 
optimized condition. 

 The next factor is the duration of the growth phase of 
zinc oxide nanorods. Table 4 compares the SEM results 
for 3 and 6 h. Although, for 3 h growth time, the well-
defined nanorods can be observed, a dense thin film was 
formed by the growth time of 6h. Other researchers 
reported the merging of the nanorods by increasing the 
growth time and the formation of thin film due to the 
lateral size growth of the nanorods. Therefore, the 
parameters that led to the synthesizing of Figure 1c were 
selected as the optimal parameters. 

     

Figure 1. a) SEM images of the pure stainless-steel mesh and b) 
seed layer on the steel mesh with optimized parameters of 5mM of 
nucleation solution concentration and 10 times for 2 minutes each 
time as immersion cycle.  

 To compare the deposition of the nucleation sites for 
nanorods growth, SEM images of the pure steel mesh 
and deposited seed layer with optimized parameters are 

shown in Figure 1. The islands  formed on the substrate 
in Figure 1b are the growth center for 1-dimensional 
growth of the ZnO. 

Table 2. The effect of nucleation solution concentrations with other 
constant variables for ZnO nanorods growth. 

SEM images 

Nucleation 
solution 

concentrati
on 

Immersi
on 

cycles 

Growth 
time of 
nanoro

ds 

0.05 mM 

10 times 
and 2 
minutes 
each 
time 

3 h 

0.5 mM 

10 times 
and 2 
minutes 
each 
time 

3 h 

5 mM 

10 times 
and 2 
minutes 
each 
time 

3 h 

 

 

 

 

500 nm 

500 nm 

500 nm 2 μm 2 μm 

(a) (b) 
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Table 3. The effect of immersion cycles with other constant 
variables for ZnO nanorods growth. 

SEM images 

Nucleation 
solution 

concentrati
on 

Immersi
on 

cycles 

Growth 
time of 
nanoro

ds 

5 mM 

10 times 
and 2 

minutes 
each 
time 

3 h 

5 mM 

5 times 
and 2 

minutes 
each 
time 

3 h 

5 mM 

10 
times, 

and each 
time for 
10 sec 

3 h 

 

 Figure 2a shows the absorption spectrum obtained by 
DRS analysis of the optimal sample. The absorption 
edge of the synthesized nanorods is around 390 nm. 
Figure 2b shows graph (ahʋ)2 vs. hʋ. Based on Eq. (2), 
by plotting a tangent line, the value of the energy gap of 
nanorods can be obtained [16]. 

𝑎ℎ𝑣 = 𝐾(ℎ𝑣 − 𝐸)ଵ/ଶ,                                          (2) 

where a is the optical absorption coefficient, hʋ is the 
incident photon energy, K is a constant number, and Eg 
is the band gap energy of the sample. The value of the 
energy gap obtained through the spectrum is about 3.2 
eV, which is consistent with the values reported in the 
articles [17]. 

Table 4. The effect of growth time with other constant variables for 
ZnO nanorods growth. 

SEM images 

Nucleation 
solution 
concentrati
on 

Immersi
on 
cycles 

Growth 
time of 
nanoro
ds 

5 mM 

10 times 
and 2 
minutes 
each 
time 

3 h 

5 mM 

10 times 
and 2 
minutes 
each 
time 

6 h 

 

 Figure 3 shows the XRD pattern of the optimal sample 
of zinc oxide nanorods. As shown in the figure, the 
characteristic peaks (101), (002), (100), (102), (103), 
(110), and (112) are related to the zinc oxide structure 
with the Wurtzite phase and hexagonal network 
structure. These values are consistent with those 
reported in the articles and with standard card JCPDS 
no.01-087-0713 [18]. 

 

500 nm 

500 nm 

500 nm 

500 nm 
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Figure 2. a) Reflection spectrum and b) diagram (ahʋ)2 vs. hʋ for 
ZnO nanorods on steel mesh

 

Figure 3. X-ray diffraction pattern of the optimal sample of zinc 
oxide nanorods . 

 Figure 4a shows the variation of methylene blue 
absorption during the photocatalytic degradation. It is 
evident that during light illumination, the concentration 
of methylene blue decreases due to photodegradation by 
the ZnO nanorods sample. Figure 4b illustrates 
Ln(C0/C) vs. time for photolysis (without using any 
photocatalyst) and ZnO nanorods sample. The 
degradation rate in photolysis and the presence of 
photocatalysts are 0.0006 and 0.0121 min-1, 

respectively. Therefore, about 67% of methylene blue 
degrades after 90 min. 

 

 
Figure 4. a) UV-Vis absorption spectrum of methylene blue in the 
presence of ZnO nanorods. b) LnC0/C vs. time for ZnO nanorods 
and photolysis for methylene blue photodegradation under UV light 
illumination. 

 Figure 5a shows the decrease in the absorbance of 
tetracycline during the light illumination in the presence 
of the ZnO nanorods sample. Figure 5b illustrates 
Ln(C0/C) vs. time for photolysis and ZnO nanorods 
sample. The degradation rate in photolysis and the 
presence of photocatalysts are 0.0007 and 0.0043 min-1, 
respectively. Therefore, the photodegradation is seven 
times greater than photolysis and about 32% of 
tetracycline degrades after 90 min. 

 To elucidate the mechanism of photocatalytic reaction 
on the surface of the ZnO nanorods, the influence of 
various charge carrier scavengers on the 
photodegradation efficiency of TC was studied under 
UV light irradiation. For this purpose, silver nitrate 
(AgNO3) as an electron scavenger, 
Ethylenediaminetetraacetic acid (EDTA) as a hole 
scavenger, Isopropyl alcohol (IPA) as a hydroxyl 
radical (•OH) scavenger, and O2 purging as a 
superoxide radical (•O2

-) species scavenger were used. 
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Figure 5. a) UV-Vis absorption spectrum of tetracycline in the 
presence of ZnO nanorods. b) LnC0/C vs. time for ZnO nanorods 
and photolysis for tetracycline photodegradation under UV light 
illumination. 

 Figure 6 shows the rate of photodegradation of TC 
under UV light irradiation in the presence of different 
scavengers. A comparison of the k values demonstrated 
that eliminating electron, hole, and •OH via scavengers 
leads to enhanced photodegradation. O2 is reduced 
compared to the condition without a scavenger. 
Photogenerated electrons scavenging increases the 
photodegradation because their recombination with 
holes retard, which can be the evidence of holes as a 
main pathway. Also, hole scavenger can reduce the 
electron-hole recombination; therefore, photogenerated 
electrons also play a crucial role in photodegradation. 
Purging O2 decreases the photodegradation rate, which 
can be due to the increased interaction between the 
photogenerated electron and O2. As the electrons are 
one of the main photodegradation pathways, therefore 
•O2

- production via electrons reduces the photocatalytic 
process efficiency. Based on these results, Figure 7 
demonstrates that the generation of electrons in the 
conduction band and holes in the valence band cause the 
mineralization of TC molecules under UV light 
illumination.  

 

Figure 6. Degradation rate constants of TC on the ZnO nanorods in 
the presence of different scavengers and O2 purging under UV 
irradiation. 

 

Figure 7. Proposed mechanism of charge transfer and 
photodegradation of TC on the surface of zinc oxide nanorods under 
UV light. 

4 Conclusions 

 In this research, ZnO nanorods were synthesized on a 
steel mesh substrate with different factors such as 
concentration of seed solution, immersion cycles, and 
growth time. The higher concentration of the nucleation 
solution, i.e., 5 mM, was the best concentration to create 
the desired density and morphology of the ZnO 
nanorods. Based on the SEM images, the samples were 
prepared with 10 times each time for 2 min immersion, 
where the growth time for 3 h was the most appropriate 
condition for high-density ZnO nanorods. The 
photodegradation rates were studied, and the results 
showed that the photodegradation by ZnO nanorods for 
methylene blue and tetracycline are 20 and 7 times 
greater than photolysis, respectively. Photogenerated 
electrons and holes are the main pathways for 
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tetracycline antibiotic photodegradation. The flexibility 
and accessible synthesis of the mentioned photocatalyst 
and the fast recovery from the treated wastewater are 
promising for this photocatalyst's practical applications. 
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