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Abstract: 
ZnO nanorods (ZnO NRs) were grown on ZnO seeded polyethylene tert-phtalate (PET) substrates obtained from 

recycled soda bottles at low temperatures (90 °C) from Zn
2+

 precursors in alkaline aqueous solution. The ZnO 

seeds were deposited on the PET substrates by spray gel (SG) or dip coating (DC) from a ZnO methanol sol. In 

the case of SG, the PET substrate was heated at 90 °C during the spray process. By the other hand the ZnO seed 

layers obtained by dip coating were heated at 90 °C or 130 °C for 10 minutes among coatings. Before seeding 

two procedures were made on PET surface for improving seed adhesion: 1) PET surface was mechanically 

roughened with sand paper 1200. 2) PET surface was chemically treated with a solution of NaOH in ethanol. 

The relationship between the microstructure of the ZnO NRs films as function of the PET surface treatment and 

the photocatalytic antibacterial activity for E. Coli disinfection, was determined through a detailed characterization 

of the material. The highest photocatalytic antibacterial activity was performed by ZnO NRs films grown on 

seeds deposited by dip coating with 10 layers, 5 minutes of chemical treatment of PET surface and a thermal 

treatment at 130° C among coatings. With these films the population of viable E. Coli dropped more than seven 

orders, from 3x10
8
 to 10

1
 CFU. 
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Introduction 
 In recent years, the development of antimicrobial 

agents that have little or no negative impact on the 

natural environment has become important. Wastewater 

is expected to contain high levels of microorganisms 

and organic compounds; therefore, water disinfection 

has been an important and essential technology in 

biological and biochemical industries. Photocatalysis 

has the potential to provide a low cost and simple 

solution to the purification of water. The antimicrobial 

inorganic materials can be used in different forms, 

such as powders (1, 2), or immobilized on a substrate 

(3-6). Although suspension/slurry reactors are generally 

found to be more efficient, however, their effective 

applications are hindered by two serious disadvantages. 

Firstly, small particles tend to agglomerate into large 

particles, diminishing catalyst performance. Secondly, 

the separation and recovery of catalyst is difficult. For 

those reasons many researchers have been focused on 

immobilized catalysts. Zinc oxide is an important 

semiconductor material with a direct wide band gap 
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(3.37 eV) at room temperature. ZnO is considered a 

promising candidate for photocatalysis applications, 

owing to its band gap value, low toxicity and a rich 

family of nanostructures (7). Several of such nano-

structures, as nanotubes (8), nanowires (9) and 

nanorods (10), present improved charge transport 

properties vs. spheroidal nanoparticles, higher surface-

to-volume ratio and stronger contacts with the organic 

material, resulting in the enhancement of photocatalytic 

efficiency (11). ZnO was recently reported as a 

photocatalytic material to inactivate bacteria Gram 

negative Escherichia coli (12, 13) and Gram positive 

bacteria such as Lactobacillus Helvetica (14) and 

Staphylococcus aureus (15, 16). ZnO nanorods (ZnO-

NRs) present the advantage that they can be grown 

onto different substrates e.g. glass, quartz, conductive 

glass, silicon, paper and plastics using wet chemistry 

such as sol–gel or hydrothermal processes provided 

the substrate is suitably seeded. Moreover, it has been 

demonstrated that the presence of seeds is a necessary 

condition for obtaining arrays of oriented supported 

ZnO NRs, otherwise deposits may display diverse 

structures–e.g. flowers and stars grown from nucleus 
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developed in the solution phase (17, 18). The use of 

ZnO nanoparticles as seeds is an attractive alternative 

(19). By this way seeds can be deposited on the 

substrates at moderate temperatures by different 

methods, such as spray gel (SG), a process that 

combines the use of sols with spray pyrolysis (20, 21), 

dip coating (DC) or spin coating. In this novel approach 

the nanoparticles are already synthesized in the sol, 

and further thermal treatment is needed only for 

solvent evaporation which makes it suitable to seeded 

thermo-sensitive substrates, such as flexible organic 

polymers. 

 In this work, we present the synthesis by wet 

chemistry route of ZnO NRs on polyethylene 

terphtalate (PET) substrates, which were previously 

seeded with ZnO nanoparticles. Before seeding, to 

improve seed adhesion, the PET surface was modified 

by applying the following procedures: 1) PET surface 

was mechanically roughened with sand paper 1200. 2) 

PET surface was chemically treated with a solution of 

NaOH in ethanol. The relationship between the micro-

structure of the ZnO NRs films as function of the PET 

surface treatment and the photocatalytic antibacterial 

activity for E. Coli disinfection was determined. 

 

Experimental and Methods 

Materials 

 The chemical reactants used as precursors for 

ZnO seeds and rods were, respectively, analytical 

grade zinc acetate [Zn(CH3COO)2. 6H2O] and zinc 

nitrate [Zn(NO3)2.6H2O] pro analysis (PA) 100% from 

Fermont. Sodium hydroxide (NaOH) 98% PA, from 

EKA Chemicals was used for the nanorods growth 

solution.  

 Polyethylene tert-phtalate (PET) obtained from 

recycled soda bottles were used as the substrate for the 

growth of ZnO nanorods. 2.01.5 cm
2
 pieces of PET 

were cleaned in an ultrasonic bath, first with water and 

then with ethanol, before depositing the seed layer. 

 

Seed Deposition 
 Zinc oxide seed films were first deposited onto the 

cleaned and pre-treated PET substrate using spray gel 

(SG) and dip-coating (DC) techniques and were then 

subsequently used as the substrate to grow ZnO 

nanorods. 

 In a homemade SG device, described in detail 

elsewhere (22), a medical nebulizer was used as 

atomizer to produce uniform size droplets which were 

directed by a nozzle towards the hot substrate (90 °C). 

The nozzle performed an oscillating movement at 

constant velocity to scan the whole area of the 

substrate. Micro-filtered air was used as a carrier gas 

at a fixed pressure of 1.710
5
 Pa and maintained at a 

constant flux of 15 L/min. In both techniques for seed 

deposition, a nanometric ZnO sol was used. The 

methanol based sol of ZnO nanoparticles was prepared 

by adding 100 mL of a 0.030 M NaOH (EKA 

chemical, PA) in methanol (Sintorgan, PA) to a 100 

mL of a vigorously stirred 0.020 M solution of 

Zn(C2H3O2)·2H2O (Riedel-de-Haen, Seelze, Germany) 

in methanol. This mixture was then heated at 60 °C 

under reflux during 2 h, cooled down and stored in a 

polypropylene bottle. The sol remains clear at least 

for two weeks. The ZnO methanol based sol was 

sprayed on the PET substrates heated at 90 °C. In 

these experiments 10, 30 and 50 seed layers were 

successively sprayed. Before seeding PET surface was 

mechanically roughened with sand paper 1200, for 

improving seed adhesion. In the case of seed deposited 

by dip-coating technique a different approach was 

implemented for improving seed adhesion. PET 

substrates were immersed in 0.25 or 2.5 Methanol 

NaOH solutions for 2 or 5 minutes at 55 °C. After 

treatment the substrates were washed with water, dried, 

dipped in the ZnO sol for 1 minute and withdrawn at 5 

mm/min. After drying the films at room temperature 

in air for 5 min, they were thermally treated at 90 °C 

and 130 °C in an oven for 10 min. To obtain a thicker 

and more uniform seed layer, the overall process, dip 

coating and the subsequent thermal treatment, was 

performed five and ten times. 
 

Growth of ZnO NRs Films  
 The solution used for the growth of the ZnO NRs 

was prepared as follows: equal volumes of 

Zn(NO3)2.6H2O (0.15 M) and NaOH (2.1 M) were 

mixed under continuous stirring. A white precipitate 

was formed approximately ten minutes after mixing. 

The complete system was aged overnight at 23 °C and 

filtered under vacuum to obtain a clear solution. 

 The substrates seeded with ZnO films were placed 

in a 100 mL screw-capped glass flask (Normax) and 

the solution for the growth of ZnO NRs was added. 

This glass flask containing the substrate and the 

solution was placed in an oven at 90 °C during 1 h. 

These parameters were selected in order that ZnO 

NRs growth occurred in the regime of slow kinetics 

(23). The substrates covered with ZnO NRs (PET/ 

ZnO NRs) were then removed from the solution, 

cleaned with water, ethanol and dried at 60 °C.  
 

Photocatalytic Antibacterial Activity  
 The reactor system used to study the photocatalytic 

efficiency of the synthesized materials in the degrada-

tion of bacteria E. coli ATCC 25922 is shown in Figure 

1 (a). The light source was an Ultravitalux 300 W 
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Figure 1. Photocatalytic reactor system for degradation with UV 

lamp. 

 

OSRAM lamp, placed approximately 30 cm above the 

cylindrical photoreactor. The precise lamp to sample 

distance was set  in order to obtain an incident radiation 

intensity of 30 W/m
2
 in the UV A/B range; measured 

with an UV Light Meter model YK-34 UV. 

 An aqueous solution with initial volume of 50 mL 

was prepared with a bacteria concentration of about 

10
9
 CFU/ml and placed in the photoreactor. Samples 

of PET/ZnO NRs, 2.0x1.5 cm
2
, were immersed facing 

the light, then 1 mL of solution were collected at 

different intervals of time (0, 30, 60 and 90 minutes). 

Samples were diluted 1:10 with double distilled water 

in order to obtain a solution containing CFU in the 

range: 10-500 CFU/ml. Then 1 ml of the final dilution 

is taken and vacuum filtered through a sterile filter. 

This results in all bacteria present in the water being 

retained on the filter. Finally, the filter was placed 

onto a paper pad soaked in a liquid growth medium 

(Membrane lauryl sulphate broth (Oxoid MM0615)) 

which feeds E. coli bacteria, but inhibits the growth of 

any other bacteria on the filter. Finally the concen-

tration of bacteria was determined by counting, after 

incubating at 40 °C during 16 h.  
 

Results and Discussion 

 The morphology of films and NRs was studied 

using scanning electron microscopy (SEM) with an 

ULTRA-55 field emission SEM (Carl Zeiss SMT AG) 

working at an electron beam energy of 15 keV. 

Analysis of the rod size distribution was made with 

the ImageJ software (http://rsb.info.nih.gov/ij/). Figure 

2 shows low and high magnification SEM images of a 

typical ZnO NRs film growth on SG seeded PET, 

which surfaces were mechanically roughened. PET 

surface was completely covered with a well adhered 

but not uniform ZnO NRs film. Figure 3 shows high 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2. SEM images of a typical ZnO NRs film synthesized on 

PET substrates mechanically roughened before seeding with ZnO 

sol applied by SG. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. SEM images of ZnO NRs synthesized on mechanically 

roughened PET substrates seeded with ZnO sol applied by SG. (a) 

10L: 10 layers; (b) 30L: 30 layers; (c) 50L: 50 layers. Insets in each 

SEM picture show the corresponding distribution of diameters 

(Sampled over ca.200 NRs from X100,000 SEM micrographs). 

http://rsb.info.nih.gov/ij/
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Figure 4. SEM images of ZnO NRs synthesized on chemically roughened PET substrates seeded with ZnO sol applied by dip coating (a) 

low and (b) high magnification. Insets in (b) show the diameter distribution (Sampled over ca. 200 NRs from X100,000 SEM micrographs). 

PET substrates were immersed for 2 minutes in 0.25 M ethanol NaOH solution at 55 °C. 

 

 

 

 

 

 

 

 

 

 

 

   
 

 

 

 

 

 

 

 
Figure 5. SEM images of ZnO NRs synthesized on chemically roughened PET substrates seeded with ZnO sol applied by dip coating for 

different magnifications of the same zone (a) 2 kx (b) 10kx, (c) Top side of a like micrometric island. Insets in (b) show the diameter 

distribution (Sampled over ca.200 NRs from X100,000 SEM micrographs). PET substrates were immersed for 5 minutes in 2.5 M ethanol 

NaOH solution at 55 ºC. 

 

magnification SEM images of films deposited on 

PET, seeded by 10, 30 or 50 SG layers. In all cases 

hexagonal ZnO NRs were formed, but their growth 

was in all directions, with poor organization. The 

diameter and the dispersion of the measured diameters 

changed with the number of layers of ZnO seeds. 

When only 10 layers were deposited on the PET 

substrate, the diameters of the rods were in the range 

30-85 nm. As the number of seeds layers increased the 

average diameter of the nanorods and the dispersion 

of diameters size decreased. On the other hand when 

PET surface was chemically treated the morphology 

of the ZnO NRs films strongly depends on the 

chemical treatment conditions. Figure 4 shows low 

and high magnification of ZnO NRs film growth on a 

PET substrate treated in a solution 0.25M of NaOH 

in ethanol at a temperature of 55 °C for two minutes. 

PET surface was completely and uniform covered 

with a ZnO NRs film with growth in average per-

pendicularly oriented to the surface. Insets in figure 4 

(b) show the diameter distribution, the diameter of the 

rods were in the range of 10-40 nm. When the chemical 

treatment was made in a solution 2.5M of NaOH in 

ethanol at a temperature of 55 °C for five minutes, a 

textured ZnO NRs films composed of micrometric 

islands was obtained as we can see in Figure 5 (a) and 

(b). Figure 5 (c) shows the top side of a micrometric 

island where we can see that the NRs are per-

pendicularly oriented to the surface. Figure 5 (d) 

shows the diameter distribution of the rods shown in 

(a) 

1 µm 200 nm 

(b) 

10 15 20 25 30 35
0

5

10

15

20

25

30

 

 

C
o
u

n
ts

Diameter (nm)

  (d) 



L. Sanchez et al. 

250   J. Adv. Oxid. Technol. Vol. 18, No. 2, 2015 

5 10 15 20 25 30 35 40 45 50
0

10

20

30

40

50

60

70

 

 

C
o

u
n

ts

Diameter (nm)

DC 5C 90°C

(a) 

10 15 20 25 30 35 40 45 50
0

10

20

30

40

50

60

70

80

Diameter (nm)

 

 

C
o

u
n

ts

 DC 5C 130°C
(b) 

200nm 

10 15 20 25 30 35 40 45 50 55
0

10

20

30

40

50

60

70

Diameter (nm)

 

 
C

o
u
n
ts

DC 10C 90°C
(c) 

200nm 

10 15 20 25 30 35 40 45 50 55 60 65
0

10

20

30

40

50

60

Diameter (nm)

 

 

C
o
u
n
ts

DC 10C 130°C
(d) 

200nm 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 6. (Left side) SEM images of ZnO NRs prepared under different conditions of seed deposition by dip counting SEM images, 

(Right side) the corresponding diameter distribution. PET substrates were immersed for 2 minutes in 0.25 M ethanol NaOH solut ion 

at 55 ºC. 

 

Figure 5(c), diameters of the rods were in the in the 

range 20-40 nm much thinner than those obtained by 

mechanically roughened and less dispersed than the 

NRs obtained with chemical treatment of PET substrate 

before mentioned. Figure 6 (left side) show SEM 

images of ZnO NRs prepared under different conditions 

of seed deposition by dip counting. In all cases PET 

substrates were treated in a solution 0.25M of NaOH 

in ethanol at a temperature of 55 °C for five minutes 

before dip coating seeding. SEM images corresponds 

to: (a) 5 layers and a thermal treatment at 90 °C after 

each layer deposition (DC 5C 90 °C), (b) 5 layers and 

a thermal treatment at 130 °C after each layer 

deposition (DC 5C 130 °C), (c) 10 layers and a thermal 

treatment at 90 °C after each layer deposition (DC 

10C 90 °C), (d) 10 layers and a thermal treatment at 

130 °C after each layer deposition (DC 10C 130 °C), 

left side of figure 6 shows the corresponding diameter 

distribution. Figure 7 show the mean diameter of ZnO 

NRs as function of the four conditions of seed 

deposition before mentioned in all case the mean 

diameter is around 27 nm with similar dispersion. 

Figure 8 shows the number of rods per unit of area 

counted on two different magnification set of SEM
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Figure 7. Mean diameter of Nanorods obtained from seeds 

deposited by dip coating under different conditions. 

 

images. It is observed that for both sets of analysis, 

0.32 and 0.82 µm
2
, respectively, the NRs density is 

maximum when seed deposition conditions were 10 

layers and a thermal treatment at 130 °C after each 

layer deposition (DC 10C 130 °C). 

 The crystalline structure of the NRs was determined 

by X-Ray Diffraction analysis (XRD, Siemens D5000 

with Cu-Kα radiation and a graphite monochromator). 

Figure 9 shows the results of the XRD analysis of the 

ZnO NRs films grown on seeds deposited on PET by 

SG. The diffraction patterns correspond to the 

hexagonal wurtzite structure of ZnO. 

 The ZnO NRs synthesized onto a PET substrate 

were used for the photocatalytic inactivation of E. coli 

bacteria in water. Figure 10 shows the bactericidal 

activity of two different groups of samples: “SG”, 

where ZnO NRs were grown on SG seeded 

mechanically roughened PET; and “DC”, where ZnO 

NRs were grown on DC seeded chemically etched 

PET. In this case etching was produced by immersing 

the PET substrate in 0.25 M ethanol NaOH solution at 

55 °C during 2 minutes. Illumination using 30 W/m
2
 

in the UV-A/B range was selected due to its nil 

influence in reducing the bacterial population 

(photolysis plot). Clearly, in the dark (without 

illumination), there was no influence of the ZnO 

nanorods on the viability of bacteria. When the ZnO 

NRs films in water were irradiated with the same UV 

illumination, an effective photocatalytic degradation 

of bacteria in water was observed. The results indicate 

that the SG samples displayed lower bactericidal 

activity than the DC samples. The enhanced bactericidal 

activity of the DC samples can be a consequence of 

the lower (averaged) diameter of the ZnO NRs when 

compared with the SG samples (compare insets of 

figure 3 with the left side of figure 6). The radii of the 

ZnO NRs in the SG samples are approximately double 

than those in the DC samples. Consequently the active 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Nanorods surface density obtained from seeds deposited 

by dip coating. 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 9. DRX patterns of ZnO NRs growth on PET substrates 

seeded with different number of layers of ZnO sol deposited by SG. 
 

surface exposed to illumination is higher in DC than 

in SG samples. The highest photocatalytic antibacterial 

activity was performed by ZnO NRs films grown on 

seeds deposited by dip coating with 10 layers, 5 

minutes of chemical treatment of PET surface and a 

heat treatment at 130 °C among coatings. With these 

films the population of viable E. Coli dropped more 

than seven orders, from 3x10
8
 to 10

1
 CFU. These 

results correlate well with the NRs samples having 

higher number or rods per area. This fact is in 

agreement with the trend observed in figure 8. This 

remarkable reduction in viable E. Coli indicates that 

this material is very promising for application in water 

disinfection, even in water with high concentration of 

microorganism. Other authors reported total disinfection 

with powder and supported ZnO, but starting with a 

much lower concentration of E. Coli (see for example 

(16, 24)) 
 

Conclusions 
 ZnO NRs films, with high photocatalytic activities 

under UV irradiation, were successfully synthesized 

on polyethylene terphtalate (PET) substrates by a 



L. Sanchez et al. 

252   J. Adv. Oxid. Technol. Vol. 18, No. 2, 2015 

0 10 20 30 40 50 60 70 80 90 100
10

0

10
1

10
2

10
3

10
4

10
5

10
6

10
7

10
8

10
9

 

 

V
ia

b
le

 B
a
c
te

ri
a
l 

c
o

u
n

ts
 (

C
F

U
/m

l)

Time (min)

 SG 10P

 SG 30P

 SG 50P

 DC 5C 90°C

 DC 5C 130°C

 DC 10C 90°C

 DC 10C 130°C

 Photolysis

 In the Dark

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 10. E. coli degradation under UV irradiated ZnO nanorod 

films in water. The plot corresponds to the photocatalytic experi-

ments performed with ZnO NRs growth on PET. 
 

simple two step chemical solution method. We 

demonstrate that the pre-treatment applied on the PET 

substrate to increase surface roughness and ZnO seeds 

adhesion has a notable influence on the morphology 

of the ZnO NRs films. Besides, the seeding procedure 

also affects the morphology (specially the diameter) of 

the ZnO NRs. The results indicate that lower diameters 

and higher rods density on the surface leads to 

materials with higher photocatalitycal bactericidal 

activity for E. Coli disinfection.  The highest activity 

was performed by ZnO NRs films grown on seeds 

deposited by Dip coating with 10 layers, 5 minutes of 

chemical treatment of PET surface and a heat 

treatment at 130 °C among coatings. With these films 

the population of viable E. Coli dropped more than 

seven orders, from 3x10
8
 to 10

1
 CFU. These results 

correlates well with the NRs samples having higher 

number or rods per area. This remarkable reduction in 

viable E. Coli indicates that this material is very 

promising for application in water disinfection, even 

in water with high concentration of microorganism. 
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