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Synthesis of TiO2 Nanowires 

Development of a CNT/ZnO/TiO2 Membrane for Visible 

Light Induced Photocatalytic Filtration of Waterborne 

Organic and Bacterial Pollutants 

Synthesis of CNT/ZnO Nanorods 

All aspects of the engineering goal were met, specifically: 

• TiO2/CNT/ZnO membrane was constructed and incorporated 

into a simple, portable, and easy to use filtration device. 

• The combined results (2,4-D and E. coli k-12) highlight the 

usefulness of this filtration device for removal of both chemical 

and bacterial contaminants in the field, through the use of 

plentiful solar light.  

• As the intensity of sunlight is typically ~400 lumens, results 

suggest that the TiO2/CNT/ZnO filtration membrane is capable 

of removing 97% and 91% of organic pollutants and bacteria, 

respectively. 

• For both E. coli and 2,4-D contaminants, where initial (pre-

filtered) concentrations were well above what is commonplace, 

the new multi-functional membrane was able to remediate the 

pollutants so that the water was once again potable. 

• When installed in the filtration device, the TiO2/CNT/ZnO 

membrane was found to be stable and free of biofouling, 

suggesting long-term usefulness during field use. 

Further research would investigate and optimize characteristics of 

the membrane such as its antifouling capability, membrane flux, 

and photocatalytic efficiency for conversion of 2,4-D to CO2.  

A solar powered filtration device that removes bacterial 

contamination, as well as organic chemical pollutants, was 

constructed using synthesized TiO2 and ZnO/CNT nanomaterials. 

The materials were incorporated into a unique filter for concurrent 

photocatalytic oxidation and separation. Once constructed, the 

TiO2/CNT/ZnO filtration membrane was shown to be effective in 

removing the model contaminants 2,4-D and E. coli k12 with 

visible, calibrated halogen illumination.  

 

2,4-D Remediation: 

Using similar free-radical mechanisms that convert the organic 

herbicide to CO2 and water, 2,4-D content was reduced by 19% in 

dark filtration, 85.3% at 2.8 lumens, and up to 99.7% remediation 

at 990 lumens. The difference between the control trial in the dark 

and the trials with illumination indicate that the degradation of 24-

D is dependent on the presence of light and photocatalysis. Once 

again, based on 2,4-D remediated as a function of illumination 

(Fig. 16), typical sunlight illumination of 400 lumens would 

produce 97% remediation of the herbicide, if the device is used in 

the field. 

Figure 16: Multi-functional membrane remediation of 2,4-D herbicide as 

a function of illumination. As much as 99.7% of 2,4-D is removed with 

990 lumen illumination. 

The goal of the research was to construct a portable water 

purification unit, containing  a photocatalytic CNT/ZnO/TiO2 

membrane which can remove both bacterial and organic 

contaminants when illuminated with visible light, to produce safe 

drinking water. In this research, E. coli k12 and 2,4-

Dichlorophenoxyacetic acid (a common broadleaf fertilizer often 

found in water runoff) will be used as the model contaminants. 

TiO2 nanowires were synthesized via hydrothermal process. 3 g 

TiO2 powder was stirred in 40 ml of 10M NaOH. The suspended 

mixture was placed in an autoclave at a temperature of 130oC for 

24 hours to form the TiO2 nanowires. 

Carbon nanotubes (CNTs) were doped with 

ZnO with an acid treatment. 37 mg CNTs 

was mixed with 20 ml 68% HNO3 and 20 ml 

98% H2SO4. The mixture was stirred for 6 

hours, and then neutralized with DI water. 

Afterwards, CNTs were stirred with 0.65g 

Zn(CH3COO)2*2H2O and 0.42g C6H12N4 in 

100 ml DI water for another 6 hours. 

 

Figures 3a-b: x9k (left) & x12k (right) magnification SEM images  of CNT/ZnO nanorods highlight 

the incorporation of the ZnO rods in the CNT matrix 

Figures 4a-e: (a): Mixture of 250mg of TiO2 nanowires, suspended in 5 ml di-water; (b): CNT/ZnO 

nanorods, dissolved in 5 ml di-water; (c): Combined 10 ml mixture of TiO2/CNT/ZnO used to 

produce the multi-function membrane; (d) Completed Multi-functional membrane, affixed to a 3” 

cellulose filter; (e) x1.2k SEM of the completed multi-functional membrane 

250 mg of the TiO2 nanowire was suspended in 5 ml DI water 

using an ultrasonicator for 40 minutes (Fig. 4a). The suspended 

TiO2 nanowires and 5 ml of the CNT/ZnO nanorods (Fig. 4b) 

were combined together to form the multi-function membrane 

mixture (Fig, 4c). To fabricate the filtration membrane, the 5 ml 

mixture was poured onto 3” diameter cellulose filter paper using 

an Alltech degassing apparatus, to produce the final, dried multi-

functional membrane in Fig. 4d.   

With 780 million people without access to a potable water 

source, the development of a simple, self-powered, and point-of-

use water system is desirable to remove waterborne bacteria, and 

chemical pollutants. Recently, semiconductors have shown 

promise as nanomaterials that can help clean water, using 

sunlight, through photocatalysis. This research designed a 

simple, inexpensive, and solar powered filtration device, that 

removed bacterial contamination, as well as chemical pollutants, 

such as 2,4-Dichlorophenoxyacetic acid (2,4D), a herbicide that 

is often found in agricultural water runoff. TiO2 nanowires and 

ZnO/CNT nanorods were incorporated into an unique membrane 

for concurrent photocatalytic oxidation and separation. The 

structure of CNT/TiO2 composite is advantageous, as CNTs add 

strength and chemical stability to the filter membrane, while 

providing necessary heterojunctions at the CNT/TiO2 interface 

for efficient translation of sunlight for photocatalytic 

decomposition. Because contaminants are degraded at the 

surface, the membrane also has low fouling potential. TiO2 

nanowires were synthesized via hydrothermal process and CNTs 

were doped with ZNO with an acid treatment. The materials 

were layered on 3" filter paper to form the CNT/ZnO/TiO2 

composite membrane, that was then installed in a hand-held, 

solar-powered filtration system. At 3 lumens illumination, the 

system removed as much as 85.3% 2,4D; removal was 

dramatically increased to 99.7% at 990 lumens. The system's 

disinfectant abilities were studied with E. coli k12. The 

membrane removed 90% of bacteria at 3 lumens and 97% of 

bacteria at 990 lumens. With typical sunlight at 377 lumens, the 

filter will have 97% and 91% remediation for organic pollutants 

and bacteria respectively. 

Figure 2: Stirring the CNTs with Zn(CH3COO)2*2H2O to form CNT/ZnO nanorods. 

Figure 15: Multi-

functional membrane 

remediation of E. coli 

as a function of 

illumination. As much 

as 97% of E. coli is 

removed with 990 

lumen illumination. 

Assembly of Multi-Functional Membrane  

a b 

Figures 1a-b:  x4k and x600 magnification SEM images of the newly fabricated TiO2 nanowires, 

to be used in the multi-functional membrane.  

 

b a 

SEM inspection of the CNT/ZnO/TiO2 membrane, following 

prolonged filtration of both 2,4-D and E. coli, highlights the 

integrity of the membrane. Inspection and comparison of Figs. 14a-

b (new filter vs. 2,4-D and E. coli used filter) provide evidence that 

(i) the construct of the filter remains the same (i.e. the ZnO-doped 

CNTs and TiO2 nanowires remain interwoven), and (ii) there is 

minimal biofouling present, specifically from the filtering of 

bacteria. Both suggest robustness of the filter, for repeated, long-

term use. 

Through the photocatalytic process it is proposed that 2,4-D (and 

other common organic pollutants) is decomposed by *OH free 

radicals as they pass through the multi-functional membrane to 

CO2 and H2O. CO2 often takes the form of carbonic acid in 

solution. In order to measure CO2 levels, 1.5 ml samples of the 

filtrates from the 2,4-D experiments were titrated with 0.01 M 

NaOH with phenolphthalein as an indicator. Afterward, the 

conversion of carbon from 2,4D (C8H6Cl2O3) to CO2 was 

determined. The mass of carbon filtered as 2,4-D (via HPLC) is 

compared to the mass of carbon as CO2 in the filtrate (via titration) 

in Fig. 12. As expected, the conversion efficiency of 2,4-D to CO2 

increases with illumination intensity, reaching ~19% at 990 lumens 

(Fig 13). 

 

Figure 12: (red) HPLC-derived mass of carbon 

lost during filtration of 1.5 ml 100ppm 2,4-D; 

(blue) Titration-derived mass of carbon in 1.5 ml 

100ppm 2,4-D that was converted to CO2. 

All graphs and images were created by the student researcher unless noted otherwise. 

I. HPLC Calibration for 2,4-D Detection: 

A calibration curve (Fig. 10) was created through measure of serial dilutions 

of a 100ppm standard, using the following method parameters: 

• Flow Rate: 0.5 ml/min 

• Detection Wavelength: 228 nm 

• Mobile Phase: 80% ACN/20% Water 

• Injection Volume: 10 µl 

• Column Type: Zorbax RX-C18 Column,  

 250 x 4.6 mm, 5 µm pore 

• Column Temperature: 30oC 

This regression of y=117839x, was used to quantify 2,4-D filtrates 
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Figure 11: Reduction in 2,4-D content of 100ppm contaminated water 

with increasing illumination of the multi-functional membrane.  

Remediation of 2,4-D  increases from ~10ppm removed for no light, to 

~98ppm removed for 990 lumens. (Inset: chromatograms used to 

determine 2,4-D content of filtrates). 

Figure 10: HPLC Calibration Curve and HPLC chromatograms (left) for 

serial dilutions of a 100 ppm 2,4-D standard. 

Figure 13:Photocatalytic filter conversion of 

2,4-D to CO2 as a function of illumination. At 

990 lumens, 18.5% was converted.  

E. coli Remediation: 

Through the solar, photocatalytic formation of *OH and *O2 free 

radicals within the multi-functional membrane, 90% of an original 

E. coli concentration of ~105 CFU/ml was remediated with only 

2.8 lumen illumination, with with as much as 97% removal at 990 

lumens. Based on E. coli remediated as a function of illumination 

(Fig. 15), typical sunlight illumination of 400 lumens would 

produce 91% remediation of E. coli, if used in the field.  

a b 

c d e 

The completed membrane was mounted into a 

glass funnel, and clamped to vacuum filtration 

apparatus. Minimum vacuum was applied to 

hasten filtration for the intended experiments. A 

30W Halogen lamp was positioned 12.2cm 

above the device, and E. coli and 2,4-D 

contaminated water was filtered, with varying 

applied voltages (and corresponding) brightness 

to the lamp. Later, input lamp voltage was 

converted to lumen illumination, so that filter 

efficiency could be determined as a function of 

solar illumination. 

2.5 ml LB-Broth solutions of 2.5E5 CFU/ml E. coli k12 (Carolina Biological) were filtered through the membrane with 30W halogen 

visible lamp illumination at various voltages (Fig. 5, right inset). Input voltages for the halogen lamp were converted to lumens (Fig. 

6), so that CFU/ml vs. filtrate illumination could be determined. Filtrate samples for each illumination voltage were diluted, and 

cultured in LB agar for 24 hours at 37oC. Filter membrane inactivation was determined by comparing the plate count (CFU/ml) for 

each experiment (Fig. 7) to the CFU/ml for the same dilution of an unfiltered control (Fig. 8).  

Control; 

No 

Filtration 

2.8 

Lumen 

26 

Lumen 

139 

Lumen 

434 

Lumen 

990 

Lumen 

Function of the Multi-Functional Membrane for E. coli Filtration 
Figure 5: Schematic of the Inactivation of E. coli k-12 using the Multi-Functional 

membrane filter; CNT/ZnO/TiO2 components convert solar energy for the 

production of *OH and *O2 free-radicals, which in turn inactivate E. coli that is 

passed through the filter membrane. Right Inset: Actual construction of the Multi-

functional membrane apparatus, with solar illumination.   

Figure 6: Calibration of 30W Halogen Lamp input 

voltage to Lumens illumination 

Figure 7: Cell Count culture plates to determine CFU/ml for 

unfiltered control, and multi-functional membrane filtrates, at 2, 4, 

6, 8, and 10Volts, which correspond to 2.8, 26, 139, 434, and 990 

Lumens illumination. E. coli growth is inhibited as voltage and 

illumination is increased, demonstrating increased bacterial 

remediation with increased solar irradiation. 

Figure 8: CFU/ml E. coli growth is measurably decreased as 

the solar illumination above the multi-functional filter 

membrane is increased. From an unfiltered CFU/ml of ~105, 

990 Lumen illumination reduces the cell count (in the filtrate) 

to ~500 CFU/ml. 

Application of the Multi-Functional Membrane for 2,4-D Herbicide Filtration 

2,4-D is a commonly used herbicide that often finds its way into an otherwise 

potable water supply, through rain run-off after agricultural and consumer 

application. As such, it was selected as the ideal chemical pollutant model for 

measure of the effectiveness of the multi-functional membrane at removing 

unwanted chemical pollutants from water. Through the formation of *OH 

and *O2 free radicals, it is proposed that 2,4-D (and other common 

pollutants) will be decomposed as they pass through the multi-functional 

membrane to CO2 and H2O (Fig. 9).  
Figure 9: Multi-functional membrane decomposition 

of 2,4-D Herbicide in contaminated water 

HPLC Detection of the Multi-Functional Membrane 2,4-D Remediation 
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II. 2,4-D Herbicide Remediation 
5 ml of 100ppm 2,4-D contaminated water solution was separately passed 

through the multi-functional membrane, with slight vacuum filtration, at 2, 

4, 6, 8, and 10V illumination, using a 30W Halogen lamp. The filtrates were 

analyzed via HPLC, and the 2,4-D content determined for each. Figure 12 

highlights the reduction in the original 100 ppm 2,4-D content with 

increasing lumen illumination, to 90 ppm without illumination, to as little as 

0.3ppm with 990 lumens. 

  

Fig. 14a-b: (a,left) ) x6k SEM of the CNT/ZnO/TiO2 construction before use (b, right) x4k SEM of 

multi-functional membrane after use in filtration of 2,4-D 

a b 

2,4-D to Carbon Dioxide Conversion Efficiency 

Integrity and Robustness of the 

Membrane Post-Filtration 

Since NaOH titration 

of 2,4-D filtrate 

highlights ~19% 

conversion of 

filtered-removed 

herbicide to CO2, it 

can be inferred that 

the remaining 2,4-D 

is physically retained 

by the CNT/ZnO/TiO2 

membrane construct.  

Such results called 

for an investigation  

into membrane integrity and robustness. SEM analysis of  both a 

new CNT/ZnO/TiO2 membrane and a used (after prolonged 

filtration of both 2,4-D and E. coli) provide evidence that the 

construct of the filter remains intact, and there is minimal 

biofouling present, suggesting robustness of the filter, for repeated, 

long-term use.   


